We have studied geometries and rates of late Cenozoic thrust faulting and folding along the northern piedmont of the Tien Shan mountain belt, West of Urumqi, where the M=8.3 Manas earthquake occurred on December 23, 1906. The northern range of the Tien Shan, rising above 5000 m, overthrusts a flexural foredeep, filled with up to II ,000 m of sediment, of the Dzungarian basement. Our fieldwork reveals that the active thrust reaches the surface 30 km north of the range front, within a 200-km-long zone of NeogeneQuaternary anticlines. Fault scarps are clearest across inset terraces within narrow valleys incised through the anticlines by large rivers flowing down from the range. In all the valleys, the scarps offset vertically the highest terrace surface by the same amount (10.2±0.7 m). Inferring an early Holocene age (10±2 kyr) for this terrace, which is continuous with the largest recent fans of the piedmont, yields a rate of vertical throw of 1.0±0.3mm/yr on the main active thrust at the surface. A quantitative morphological analysis of the degradation of terrace edf,es that are offset by the thrust corroborates such a rate and yields a mass diffusivity of 5.5±2.5 m /kyr. A rather fresh surface scarp, 0.8±0.15 m high, that is unlikely to result from shallow earthquakes with 6 < M < 7 in the last 230 years, is visible at the extremities of the main fold zone. We associate this scarp with the 1906 Manas earthquake and infer that a structure comprising a deep basement ramp under the range, gently dipping flats in the foreland, and shallow ramps responsible for the formation of the active, fault propagation anticlines could have been activated by that earthquake. If so, the return period of a 1906 type event would be 850 ± 380 years. The small size of the scarp for an earthquake of this magnitude suggests that a large fraction of the slip at depth ( ""2/3) is taken up by incremental folding near the surface. Comparable earthquakes might activate flat detachments and ramp anticlines at a distance from the front of other rising Quaternary ranges such as the San Gabriel mountains in California or the Mont Blanc-Aar massifs in the Alps. We _,:stimate the finite Cenozoic shortening of the folded Dzungarian sediments to be of the order of 30 km and the Cenozoic shortening rate to have been 3 ± 1.5 mrnlyr. Assuming comparable shortening along the Tarim piedmont and minor additional active thrusting within the mountain belt, we infer the rate of shortening across the Tien Shan to be at least 6±3 mm/yr at the longitude of Manas (""85.5°E). A total shortening of 125±30 km is estimated from crustal thickening, assuming local Airy isostatic equilibrium. Under the same assumption, serial N-S sections imply that Cenozoic shortening across the belt increases westwards to 203±50 km at the longitude of Kashgar ( ""76°E), as reflected by the westward increase of the width of the belt. This strain gradient implies a clockwise rotation of Tarim relative to Dzungaria and Kazakhstan of 7 ± 2.5 • around a pole located near the eastern extremity of the Tien Shan, west of Hami ( ""96 •E, 43 .5 °N}, comparable to that revealed by paleomagnetism between Tarim and Dzungaria (8.6°±8.7°). A 6 mm/yr rate of shortening at the longitude ofManas would imply a rate of rotation of0.45°/m.y. and would be consistent with a shortening rate of 12 mm/yr north of Kashgar. Taking such values to be representative of Late Cenozoic rates would place the onset of reactivation of the Tien Shan by the India-Asia collision in the early to middle Miocene (16 +22/-9 m.y.), in accord with the existence of particularly thick late Neogene and Quaternary deposits. Such reactivation would thus have started much later than the collision, roughly at the time of the great midMiocene changes in tectonic regimes, denudation and sedimentation rates observed in southeast Asia, the Himalayas and the Bay of Bengal, and of the correlative rapid change in seawater Sr isotopic ratio (20 to 15 Ma). Like these other changes, the rise of the Tien Shan might be a distant consequence of the end of Indochina's escape.
INTRODUCTION
The collision between India and Asia has caused intense deformation within the Asian continent. Landsat image interpretation, earthquake fault plane solutions, and a limited number of field studies indicate that the ongoing convergence between India and Siberia (50-55 mm/yr [De Mets et al., 1990] ) is absorbed both by crustal thickening and strike-slip extrusion [e.g., Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977; Molnar and Deng, 1984; Peltzer et al., 1985 Armijo et al., 1986] . In the western part of the collision zone, eastward extrusion of Tibet, chiefly between the left-lateral Altyn Tagh and right-lateral Karakorum faults, appears to account for =30% of that convergence Peltzer eta/., 1989; Molnar and Lyon-Caen, 1989] , with the rest being absorbed by crustal thickening south and north of these faults, in the Himalayas and in central Asia. 6755 By comparison with the Himalayas, for which the present--day kinematics and mechanics of overthrusting are broadly understood [e.g., Lyon-Caen and Molnar, 1983, 1985; , active crustal thickening processes in central Asia are poorly known. That much of this thickening occurs in the Tien Shan seems clear, however.
The Tien Shan is the longest and highest mountain belt of central Asia. It is composed of several parallel ranges that stretch east-west for nearly 2500 km between the Kyzil Koum and Gobi deserts, with peaks rising generally to about 4500 m, and to more than 7000 m, north of Aksu (Figure 1 ). To the north and south, it is flanked by sedimentary basins, most prominently the deep Kashgar and Aksu-Kucha basins in the Tarim, and the south Dzungarian basin (Figure 1 ). From satellite images [Tapponnier and Molnar, 1979] and published geological maps [e.g., Chen et al., 1985; Akademiya Nauk SSSR, 1964] , the recent tectonics of the Tien Shan appear to be dominated by thrusting on roughly E-W striking faults and by folding of Cenozoic sediments, particularly along the piedmonts of the ranges (Figure 1 ). Where the Tien Shan is highest, north of Aksu, negative, 1 °X1 ° average Bouguer gravity anomalies are =50 mGal greater than expected from local isostatic equilibrium of a thickened crust. Burov et al. [1990] interpret this to indicate that in the Aksu region at least, sinking of cold mantle material pulls the central Tien Shan down.
The high level of historical and instrumental seismicity implies that crustal deformation in the Tien Shan is rapid. During the last hundred years, four great earthquakes (Chilik, M • 8.5, July 12, 1889; Atushi, M=8.6, August 22, 1902; Manas, M=8.3, December 23, 1906; Kebin, M•8.7, January 3, 1911) and five shocks with M> 7 have occurred [e.g., Institute of Geophysics, 1976; Akademiya Nauk SSSR, 1962; Molnar et al., 1973; Molnar and Deng, 1984] . Fault-plane solutions and centroid depth determinations [Ni, 1978; Tapponnier and Molnar, 1979; Nelson et al, 1987; EkstriJm and England, 1989] are compatible with shortening nearly perpendicular to the overall trend of the belt and consistent with the idea that the Tien Shan overthrusts the Tarim to the south, and Kazakhstan and Dzungaria to the north (Figure 2 ). By summing inferred moments of four earthquakes with M > 7.5 in the last 90 years, Molnar and Deng [1984] have estimated the present day shortening rate across the Tien Shan to be 13±7 mm/yr.
In order to place tighter constraints on rates and processes of crustal shortening and thickening in the Tien Shan, detailed studies of Tertiary and Quaternary deformation in the field, which to date have been few [e.g., Bai and Fang, 1981] , are needed. Here we present the results of a field study of active thrust faulting and folding along the northern piedmont of the Tien Shan, in the epicentral region of the December 23, 1906, M=8.3, Manas earthquake, west ofUrumqi ( Figure 2 ).
Our mapping of active faults and folds was guided by the morphological analysis of SPOT images. Structural observations made in the field along six north-south sections are used to investigate the mechanism by which the Tien Shan overthrusts the Dzungarian basin. From the precise topographic levelling of offset alluvial terraces, complemented by quantitative analysis of the degradation of scarp proftles under the action of erosion, we derive an estimate of the vertical throw rate along the main thrust at the surface, and infer the recurrence time of events comparable to the 1906 earthquake [Avouac et al., 1990] . Finally, starting from the Manas area, and assuming essentially compensated topography and local sedimentation along the belt, we place bounds on the finite amount of shortening on sections across the whole Tien Shan, from east to west, since it was reactivated in the Cenozoic, as well as bounds on the finite amount and rate of clockwise rotation of the Tarim relative to Kazakhstan and Dzungaria [Avouac et al., 1990] .
GEOLOGY AND TECTONICS OF THE DZUNGARIAN TIENSHAN

Regional Geology, Stratigraphy and Structure
The Dzungarian Tien Shan is composed of two main ranges, the Boro Horo and Bogdo Shan, separated by a left step at the Urumqi saddle that tails into the Turfan basin (Figures 1 and 2 ). Both ranges exhibit extremely youthful morphology. In the Boro Horo Shan, old erosion and deposition surfaces have been uplifted, apparently quite rapidly, to elevations in excess of 4000 m. Their remnants now form outstanding, flat mesas above the snowline. As is the case of several other great mountain ranges of China and central Asia [e.g., Tapponnier et al., 1990] and despite inherited tectonic complexity in the deep basement, both ranges display the simple geometry of large-scale, crustal-size anticlines, with progressively younger geological strata warping the more ancient cores of the mountains. Such geometry is particularly clear at the western, periclinal termination of Bogdo Shan, which is uniformly enveloped by terrigenous Permian sediments, with generally steep outward dips, as well as around the eastern end of the Boro Horo range, which is wrapped by Permo-Triassic and lower Jurassic beds [Chen et al., 1985] .
In the Boro Horo Shan south of Hutubi (Plate 1) and within the Bogdo Shan near Tian Chi lake, Carboniferous andesitic agglomerates and tuffs (up to 3000 m thick) make up a large part of the mountain core [Liao et al., 1987] . Gabbros form the highest peaks of Bogdo Shan [Chen et al., 1985] (Plate 1). These rocks represent evidence of an island arc, which formed an active margin south of Dzungaria in the late Carboniferous [e.g., Carroll et al., 1990; Windley et al., 1990] . In the central Tien Shan, between Urumqi and Korla, Windley et al. [1990] distinguish two sutures of different ages and opposite vergence (late Devonian and north dipping in the south; late Carboniferous and south dipping in the north) (Plate 1). Steeply dipping mylonites and sheared melange imply postcollisional strike-slip movement along the northern suture west of Turfan [Windley et al., 1990; M. Mattauer, personal communication, 1987] . On geologic maps [Chen et al., 1985] (Plate 1) and Landsat images, this suture corresponds to a linear, WNW striking, = 700-km-long fault zone (referred to as Tien Shan fault by Carroll et al. [1990] ). Clockwise warping of steeply dipping, Carboniferous volcanic tuffs on the maps and the images imply dextral shear along this zone [Windley et al.,1990] , which may be related to the dextral Dzungarian fault [Voitovich, 1969; Tapponnier and Molnar, 1979] (Figure 1 ). The northeastern edge of Dzungaria appears to be marked by two other sutures, also of Late Devonian and Late Carboniferous age, along the Altai and Kelameili Shan, respectively [Chen et al., 1985; Carroll et al., 1990; B. Windley, personal communication, 1990 ] (Plate 1). Finally, a belt of upper Paleozoic ophiolites follows the northwestern edge of Dzungaria, west of Karamai [Chen et al., 1985] (Plate 1 ). The triangular Dzungarian block is thus surrounded on all sides by sutures, some showing evidence of strike-slip reactivation (Plate 1). In spite of probably complex accretion-collision processes, the most recent field studies support the view that the Kazakh, Dzungar, Tarim, and intervening blocks were welded together by the Permian [e.g., Norin, 1937 Norin, , 1941 Burtman, 1975; Zhang and Wu, 1985] .
The last known marine sediments in the Dzungarian Tien Shan are Early Permian stromatolites. In the southeastern part of the Bogdo range, andesitic volcanism continued into the Middle Permian, but the lava flows are interbedded with continental conglomerates. In the northwestern Bogdo Shan, continental, Lower to Middle Permian mudstones (with fossil mudcracks), siltstones, and fine sandstones (up to 2000 m thick) grade into Tapponnier and Molnar [1979] ). Topography is from 7imes Books [1978] . Isopachs of Mesozoic and Cenozoic sediments in Tarim and Dmngarian Basins (m km) are from Chen et al. [1985] . is from lnlltiwte of Geophysics [1976] . Seismicity after 1965 (solid circles) from WWSSN. Fault planes solutions are from Nelson et al. [1987] and EkslriJm and England [1990] . Numbers indicate dates and focal depths. Faults, topography, and sediment isopachs are from same sources as in Fig upper Permian lacustrine oil shales (up to 1000 m thick) and are capped by a few hundred meters of coarser Permo-Triassic conglomerates and sandstones that appear to have prograded towards the northeast [Carroll et al., 1990] . These Pennian sediments, which postdate the final, upper Carboniferous suturing of the Dzungarian Tien Shan, may have filled distal flats in a subsiding foreland basin [Graham et al., 1989; Carroll et al., 1990; Windley et al., 1990] . Continental sedimentation persisted from the Triassic onwards. The Triassic and Jurassic crop out in elongated, now intramontane, basins (Hi, Korla, Turfan basins), along the northern foothills of Boro Horo and Bogdo shan and south of Kelameili Shan (Plate 1). West of Urumqi, the middle-upper Jurassic sequence, which comprises the Totuen He, Qigou, and Karazha formations [Wang, 1985; Peng and Zhang, 1989; Chen et al., 1991] is up to 3100 m thick [Wu Z., 1986] . It is composed of massive, medium-grained, red sandstones grading upwards into finer greenish sandstones that include paralic coal horizons. The coal has often burned where exposed at the surface along the piedmont, turning the clayrich host rocks into red brick. South of Urumqi, at Houxia, rapid variations in the thickness of the coal beds attest to normal faulting during the middle Jurassic (8. Wmdley, personal communication, 1990) . South of Shihozi, unconformable, relatively flat Jurassic strata still cap parts of the Boro Horo range [Chen et al., 1985] .
Upper Mesozoic and Tertiary sediments crop out along the foothills of that range and in the core of piedmont anticlines farther north (Figure 2 and Plates 1-3). The Cretaceous, mostly composed of the Hutubi, Shengjinkou, Lianmuqin, and Donggou formations, whose thicknesses add up to 1900 m [Dong, 1973; Chen et al., 1985; Wu Z., 1986; Peng and Zhang, 1989; Chen et al., 1991] is conformable with the Jurassic underneath. It starts with fine dark red sandstones and conglomerates containing angular clasts that grade into variegated and light green sandtones. The Hutubi formation contains ostracods of probable Barremian age, while the Lianmuqin and Donggou formations have yielded fauna including, respectively, the typically Asian Psitaccosaurus, of probable Albo-Aptian age, and Hadrosaurs of probable Santonian to Maastrichtian age [Chen et al., 1985; Hao et al., 1986; Chen et al., 1991; Buffetaut et al., 1989] . Plate L Simplified geologic map of Dzungaria and surrounding mountain regions, [from Chen et al., 1985; Windley et al., 1990] . Note prominent sutures on all sides of Dzungaria. Inset shows roughly N-S section of Dzungarian basin, interpreted from seismic reflection studies [after Wu Z., 1986; Peng and Zhang, 1989] . Note North-tapering Cenozoic sedimentary wedge and pre-Cretaceous high-angle faults.
Resting conformably upon the upper Cretaceous sandstones, brick-red gypsiferous mudstones and sandstones with thin layers of bioclastic limestones [Peng and Zhang, 1989] , followed by green and red terrigenous sandstones form the base of the Tertiary (up to 900 m thick [Wu Z. ,1986] ). These rocks (Zhiniquan and Anjihai He formations), which contain gastropods and bivalves, are considered to be of PaleoceneEocene to Oligocene age [Li, 1984; Peng and Zhang, 1989; Chen et al., 1991] .
The Neogene (Shawan, Tashi He, and Dushanzi formations) is up to 2800 m thick [Wu Z., 1986] . It is composed of more homogeneous, less consolidated siltstones and sandy mudstones, with more uniform, brownish-pink shales that become lighter upwards. The bulk of that thick sequence probably belongs to the upper Miocene and Pliocene [Peng and Zhang, 1989] . Irregular conglomeratic discharges with dark, well-rounded pebbles, probably reflecting greater proximity of relief, appear in the upper part of the sequence, thought to correspond to the upper Pliocene. There is no trace along the Dzungarian Tien Shan of the marine, foraminifera-bearing, Miocene beds found in the southwestern Tien Shan (Kashgar, Fergana).
Coarse, dark grey, lower Quaternary conglomerates reach a thickness of 2400 m [Wu Z., 1986; Peng and Zhang, 1989] . These conglomerates (Xiyu formation) make a morphologically resistant horizon that often forms the jagged crests of the south limbs of anticlines in the piedmont of the Boro Horo range. They are analogous to the thick and strong regional conglomerate found 1000 km to the west along the southern piedmont of the Tien Shan in the Kashgar-Atushi area. It is probable that such powerful conglomeratic discharges, which contain cobbles and boulders of large size, reflect the onset of the ice age on the nearby mountains and of concurrent, more voluminous mass wasting towards the adjacent lowlands. In other words, they reflect a climatic, rather than tectonic, change.
South of the Hutubi-Dushanzi road, more recent Quaternary deposits (light-grey fluvial gravels and conglomerates and yellowish sands and silts) have either accumulated in the piedmont synclines, trapped into piggy-back basins south of the growing anticlines, or form thinner terraces and fans that rest unconformably upon most Mesozoic and Cenozoic rocks.
Tectonic History
Overall, the regional geology and stratigraphy imply that suturing of this part of central Asia was complete in the Early Permian. The collision between Dzungaria and continental blocks south of it formed the northeastern Tien Shan. Uplift within this mountain belt, and north vergent overthrusting concurrent with deepening of a flexural foredeep along the southern edge of Dzungaria probably continued into the Middle Permian [Watson et al., 1987; Windley eta/., 1990] .
Although a more peaceful regime of continental sedimentation in a less active tectonic environment prevailed during the Mesozoic, there is convincing evidence of localized faulting in the Triassic and Lower-Middle Jurassic [Peng and Zhang, 1989; Bally eta/., 1986] . In addition to faulting during deposition of the coal beds in the Tien Shan, high-angle faults clearly offset the pre-upper Jurassic-Lower Cretaceous sedimentary sequence on seismic reflection profiles in the Dzungarian basin (Plate 1, inset). In fact, fault-controlled thickness changes of up to a few thousand meters appear to characterize the Triassic and LowerMiddle Jurassic sedimentation [Peng and Zhang, 1989; Hendrix et al., 1992] . Along the Hongshan-Baikouquan fault zone, west of Karamai, high angle thrusts cut Triassic and Lower-Middle Jurassic strata and are unconformably covered by the uppermost Jurassic and Cretaceous [e.g., Wu Q., 1986; Bally eta/., 1986] . Some Triassic to Mid-Jurassic thrusting may also have occurred along the Bogdo and Boro Horo Shan [Peng and Zhang, 1989; Carroll eta/., 1990] . Typically, however, pre-Tertiary folding of Triassic-Jurassic horizons is rare and most of the faults appear to be normal faults limiting half-graben (e.g., Lunan halfgraben [Peng and Zhang, 1989; Bally et a/., 1986] ). Jurassic movement has long been inferred along the Talasso-Fergana fault in the western Tien Shan. Burtman [1980] interprets the two narrow troughs filled by a few kilometers of terrigenous Jurassic sediments at the extremities of the fault as pull-apart basins that resulted from right-lateral slip along the fault. Intracontinental faulting, mostly strike-slip and normal, thus appears to have characterized the Triassic and Jurassic periods over much of the Tien Shan and Dzungaria. Such deformation may have been a consequence of greater coeval movements along the boundaries of the Central Asian plate, particularly in northern Mongolia and southeastern Siberia, in keeping with mounting geological and paleomagnetic evidence that welding of that plate with the Angaran continent was completed only in the upper-middle Jurassic period [Kosygin and Parfenov, 1981; Khramov, 1987; Enkin eta/., 1992] .
Widespread deposition of Upper Mesozoic continental clastics continued to fill most of the Paleozoic and Lower Mesozoic basins, including the wider Dzungarian and Tarim basins, and ultimately covered much of the Paleozoic orogen [Windley et a/., 1990; Bally et al., 1986] . By contrast with sediments deposited before and after, however, the Cretaceous and lower Tertiary rocks are rather thin, mature deposits of fairly uniform thickness [Peng and Zhang, 1989] . There has been general agreement that most of the relief in this part of central Asia had been smoothed out by the end of the Mesozoic and that the Cretaceous and early Tertiary were particularly quiet tectonic periods [Krestnikov, 1962; Norin, 1941; Burtman, 1975; Peng and Zhang, 1989; Bally et al., 1986] .
Most authors also agree that Paleozoic and Mesozoic structures were reactivated after the Eocene [Chang, 1959; Goryachev, 1959; Krestnikov, 1962; Burtman, 1975] , as a result of the collision between India and Asia i:e.g., Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979] . The onset of the presently active compressional tectonic regime however, is not known with precision [Windley et a/., 1990] . The unconformity of Oligocene conglomerates along parts of the eastern Tien Shan has been interpreted to mark the beginning of regional crustal shortening, but it seems likely that the onset of strong topographic uplift and related subsidence took place rather late in the Miocene, especially in the northern Tien Shan [Hendrix et al., 1992] . Along the Dushanzi-Hutubi piedmont for instance, the Neogene and Quaternary reach thicknesses in excess of 5000 m [Wu Q., 1986; Wu Z., 1986; Peng and Zhang, 1989] (Plate 1, inset), and conglomerates become abundant only within the Plio-Quaternary. It is possible that shortening and uplift accelerated markedly in the Pliocene, but whatever the case, the Neogene and Quaternary make up the largest fraction of the Cenozoic clastic sequence and about half the total thickness of the post-Paleozoic sedimentary column along the northern foreland of the Tien Shan. A similar situation appears to exist along the Tarim piedmont of the Tien Shan, where Cenozoic deposits represent two thirds of the volume of the post-Paleozoic sediments [Tian et al., 1989; Bally et al., 1986] , and recent folds, particularly near Kashgar and between Aksu and Korla, affect mostly the Neogene and Quaternary [Chen et a/., 1985] .
Depth contours derived from seismic reflection studies [Wu z., 1986; Peng and Zhang, 1989] show that the Upper Paleozoic acoustic basement of Dzungaria dips gently towards the Tien Shan (Figures 1 and 2 ) [Chen et al., 1985] . At a large scale on north-south seismic sections, the overlying Mesozoic sediments form a south dipping monocline of rather constant thickness, save for moderate thickening of the Jurassic towards the south [Wu Z. , 1986; Bally et al., 1986; Peng and Zhang, 1989] , (Plate 1, inset). By contrast, late Cenozoic deposits, particularly the Neogene and Quaternary, make a wedge that tapers northwards from maximum thickness at the foot of Boro Horo Shan to 'I thin blanket, over a distance of about 200 km (Plate 1, inset). This tapering wedge is most simply related to loading of the southern edge of Dzungaria by Neogene to Quaternary overthrusting along the Tien Shan [e.g., Bally et a/., 1986] . The resulting flexural basin is deepest between Hutubi and Dushanzi, where the basement is overlain by more than 11 km of continental clastics ( Figure 2 ), with about half that thickness assigned a Late Cenozoic age [Wu Z., 1986; Peng and Zhang, 1989] . Only here has a conspicuous fold and thrust belt formed within the piedmont sediments (Figures 1 and Plates 1 and 2), implying that only where these sediments are thickest has deformation migrated far into the foreland . Although it has been suggested that the Dzungarian basin is underlain by oceanic basement trapped between colliding blocks at the end of the Paleozoic [e.g., Hsii, 1989; Carroll et al., 1990] , neither the depth of the Moho nor the moderate thickness of pre-Tertiary sediments on top of the acoustic basement in the middle of the basin (about 40 km according to Ma [1987J and 4-6 km according to Peng and Zhang [1989] , respectively (Plate 1, inset)) make this hypothesis compelling.
LATE CENOZOIC FOLDING AND FAULTING NORTH OF BORO HORO SHAN
Recent Folding Along the Hutubi-Dushanzi Piedmont
The varied, colorful lithology of the upper Mesozoic and Cenozoic as well as the sparse steppe vegetation cover allow detailed mapping of recent folds and faults along the piedmont of the Boro Horo range. Patches, of vegetation remain localized to stream valleys, irrigated flats or crescent-shaped zones of water seepage at the toes of active fans. We used a mosaic of five overlapping, multispectral SPOT images covering the entire piedmont between Dushanzi and Hutubi (Plate 2a) as a base for the map of Plate 2b. Once processed, the images, which have a 20 m ground resolution, accurately reveal most morphological and structural details. Most of the characteristic units described above may also be easily identified from their spectral signatures and textures on the images. Field sections corresponding to six of the rivercut valleys across the piedmont folds are shown in Plate 3. These valleys provide the best exposures of the folded Mesozoic and Cenozoic sediments.
Three distinct rows of anticlines are visible [C"en et al., 1985; Tapponnier and Molnar, 1979] (Plate 2). The first row, along the range front (AO in Plate 2b), mostly involves sediments as old as middle-upper Jurassic. Within the piedmont, about 30 km north of the base of the range front, a second row of anticlines (A1, A2, A3, and A4 in Plates 1, 2, and 3) stretches east-west for about 150 km. No formation older than the upper Cretaceous crops out at the core of these anticlines. Northwest of that second row, three contiguous, well-aligned anticlines (AS, A6, and A7 in Plate 2), that fold Neogene and Quaternary deposits form the third row, about 75 km long, roughly between Shawan and Dushanzi. Finally, mild doming of upper Quaternary surfaces near the western and eastern extremities of the two piedmont fold rows implies the existence of two more, incipient anticlines (AS and A9 in Plate 2) at the edge of the Dzungarian plain.
The range front row (AO) is in fact composed of several leftstepping folds, with overlapping hinges exposed mostly in upper Jurassic-Lower Cretaceous sandtones (Plate 2). Near the coalmining village of She Chang (Plate 2 and 3), the sandstone beds strike N100-l10°E and dip generally steeply (60-65°N) towards the north. West of She Chang on the San Ge Quen section (Plate 3), south dipping thrust faults offset folds in Jurassic and older rocks at the foot of Boro Horo Shan. North dipping strata appear to follow most of the steep north slope of the mountain_ Flatter, Lower Mesozoic and upper Paleozoic beds are visible near its summit.
The principal fold row of the piedmont (A1-4, Plate 2) has a rather simple, uniform structure. The slightly overlapping periclines of A1, A2, and A3 are clearly outlined by the early Tertiary red beds and Lower Quaternary conglomerates on the SPOT images. All three anticlines are asymmetrical, with incomplete, steep northern limbs. All display axial faulting (Plate 2). The fact that the northern limbs of A2 and A3 barely crop out between Jingou He and Manas He implies that thrusts offset their hinges. The eyelid geometry of Al (Tugulu anticline) in map view (Plate 2) indicates that a fault ramping through its core has upthrusted its southern onto its northern limb. In the field, on the Qiu Er Gou section, that thrust places south dipping Eocene red beds on top of vertical Neogene beds. On the Tashi He section, it places green upper cretaceous sandstones, dipping 60±10° to the south, on overturned Tertiary red beds that show incipient cleavage dipping less steeply than the bedding. Where well exposed, the Tugulu thrust plane strikes N90-105°E and dips 50-70° to the south. Slickensides on the Qiu Er Gou and Hutubi He sections are consistent with a Nl0°E direction of transport and nearly pure dip-slip on the thrust. The thrust that ramps along anticline A2 reaches the surface a few kilometers north of the Tugulu thrust, with which it overlaps in the Manas He valley (Plate 2). On the Linjia He section, steeply north dipping Neogene beds are visible in the hanging-wall of that thrust (Plate 3). In tum, the thrust along anticline A3 is offset from that along A2 (Plate 2). Structures exposed in the core of A3 are slightly more complex than in A1 and A2 (Plate 3). On the Jingou He section, green upper Cretaceous sandstones dipping 50-60°S have been placed on top of less steeply south dipping Tertiary beds by a thrust striking N90-l00°E and dipping about 55°S. The Tertiary beds are tightly folded in a small anticline. A second, parallel, but more steeply dipping thrust places the slightly overturned Tertiary beds of the north limb of that anticline against Quaternary conglomerate.
Overall, the observations and the structure summarized in Plates 2 and 3 suggest that AI, A2, and A3 are fault propagation folds [e.g., Suppe and Medwedeff, 1984] that grew concurrently with steep thrusts ramping upwards from a flat decollement (Figure 3 ). That the three anticlines form 10-15 km wide topographic bulges (Plate 3), with no net vertical offset of the planar, regional piedmont slope (1.1 ±0.1 °N) across them, implies that they fold mostly the top S-8 km of. the sedimentary pile (about half of it) and that the steep thrust ramps associated with them do not extend deeper. That folding disappears or becomes very gentle at the base of the Cretaceous on seismic sections [Peng and Zhang, 1989] corroborates this inference. On the other hand, the map and sections in Plates 2 and 3 imply kilometric offsets on the thrust ramps. Because such offsets are too large for faults only a few kilometers deep, the thrust ramps probably root on a shallow south dippin~ decollement. That the s Fig. 3a . Active fault propagation fold geometry of anticlines A1-A3 between Hutubi .and Dushanzi is revealed by structure and thrust scarps offsetting Ho1ocSene terraces deeply inset in river narrows cutting through hearts of anticlines. ramps are parallel to upper Cretaceous hanging wall strata on the Jingou He and Tashi He sections implies that this decollement lies at base of upper Cretaceous, at a depth of about 6-7 km (Figure 3 ).
Anticlines A5, A6, and A 7 are more gently expressed in the topography and display less evolved, more symmetrical structures than A1, A2, and A3 (Plates 2 and 3). Bedding dips are maximum in the Pliocene strata of their north limbs (up to 35°N in A5) . No clear south dipping thrust is exposed along these anticlines except along the north edge of A7 west of 85°E, where the A5-A 7 anticlinal row is closest to the range front (20 km) and the A1-A4 row terminates (Plate 2). On the Anjihai He section, N10°W directed slickensides on a N70°E striking, 32°N dipping, bedding-parallel thrust in the north limb of A5 imply flexural slip folding (Plate 3). Such a process is compatible with blind thrusting along A5 (Figure 3) . Thus, we infer these three anticlines to be less evolved fault propagation folds or even fault bend folds associated with partly blind thrust ramps. Because their widths are only 5-10 km, half to two thirds that of A1-A3, they probably fold a thinner sedimentary sequence and may be associated with a decollement shallower than that inferred south of anticlines A1-A3 (Figure 3) .
In summary, the evidence and interpretations above suggest that folding and concurrent thrusting have migrated northwards, away from the Boro Horo range front, during the late Cenozoic. The anticlines probably evolved as fault propagation folds on ramps rooting into flat detachments propagating towards the foreland [Avouac et al., 1990] . Since the oldest formations brought to the surface along AO are Jurassic, a lowermost sedimentary flat might lie under the Jurassic near the range. It ought to correspond to a particularly weak horizon, such as the upper Permian lacustrine shale, underneath the more competent Mesozoic sandstone sequence. Similarly weak horizons, such as mudstone or clay-and gypsum-rich sandstone within the Cretaceous and Tertiary, appear to have localized shear at shallower and shallower levels northwards from the range. The solution we find most consistent with observations is that anticlines A1, A2, and A3 formed as fault propagation folds on top of ramps growing from a flat at the base of the upper Cretaceous (Plate 3) . The narrower anticlines A5, A6, and A 7 reflect folding of a thinner pile detached from the underlying sediments along a shallower flat, probably at the base of the Neogene (Figure 3 ).
Deposition Pattern and Chronology of Late Quaternary Sediments
In order to retrieve quantitative information on active folding and thn:sting processes, particular attention was paid to the disposition and ages of the late Quaternary formations, which consist of large imbricated fans, inset alluvial terraces, and colluvial slopes. By combining field evidence with morphological analysis of the SPOT images, it was possible to determine the relative chronology of those formations from their modes of emplacement, shades, heights and degrees of incision, and to establish regional correlations between them (Plate 2). The patterns and chronology of alluvial deposition, in tum, yield information on the history of recent folding and faulting.
In general, offlaps within the Neogene-Quaternary sequence in the piedmont folds indicate progressive folding during PlioQuaternary sedimentation, but locally along sections across the southern and the northern limbs of anticlines A1 and A3, patches of gently dipping, fairly coarse conglomerate, which we infer to be of mid-upper Quaternary age (Q2-3), are found to lie unconformably on steep Neogene beds. These patches are often perched tens to hundreds of meters above the present river beds.
This implies that particularly in the vtcmtty of the largest antecedent rivers, the topography has been abraded and reshaped by fluvial erosion-deposition cycles during the Quaternary. Episodic sequences of erosion and deposition coeval with climatic changes probably suffice to account for these local Quaternary unconformities without invoking pulses of deformation.
The deposits that are trapped in the elongated piggy-back basins south of anticlines A1, A2, and A3 and between A3, A4, and A5, A6 (Plate 2) appear to be of middle-upper Pleistocene age (Q2-Q3). They are chiefly composed of fairly thick, fluvioglacial fanglomerates, less coarse than the Xiyu conglomerate. While the original fan morphology of these deposits is still visible in map view (Plate 2), their surface is now capped with a fairly thick loess layer and dissected by stream incision.
Younger alluvial fans (Q4), which are shaded grey and contoured on Plate 2b (fl, f2, f3, f4, f4, 5, f6), have formed mostly north of anticlines A1-A6, often on top of Q2-Q3 alluvium. Four such fans, fl, f3, and 5, f6, that were fed by particularly large rivers, extend respectively across the eastern and western ends of A1 and across the heart of A5-A6 (Plate 2). There, the smooth upper surfaces of these fans are inset in, and lie below those, more incised, of the more ancient Q2-Q3 fans. In turn, the present river beds are now inset into the Q4 fans that stand abandoned above them. Present alluvial deposition occurs farther north, at the edge of the flat Dzungarian steppe (Plate 2). Thus, to this day, the antecedent rivers fed by the glaciers of Boro Horo Shan have kept incising deeper into the Dzungarian piedmont and reaching farther north into the Dzungarian basin, a fact consistent with the idea that the processes responsible for crustal shortening, uplift, and foreland thrust migration along the Dzungarian Tien Shan continue unabated at present.
The similar surface shade of the Q4 fans on the SPOT images as well as their analogous, smooth morphology, and large size suggest that they were emplaced synchronously in a relatively short fan-building epoch when a large quantity of debris was rapidly supplied by river discharge. Although the surface of these fans is sometimes blanketed by loess, the thickness of that loess blanket rarely exceeds a few tens of centimeters. Because the overall pattern of glacial fluctuations in the Holocene has been one of retreat [Derbyshire, 1987] , we infer these particularly prominent fans to have formed at the onset of the Holocene, due to rapid melting of the ice stored on top of Boro Horo Shan during the Wiirm glaciation, as well as to the establishment of a warmer and probably wetter climate in most of the world at that time (10±2 ka) [e.g., Fairbanks, 1989; Bard et al., 1990; Gasse et al., 1991] . Climatic changes since that epoch have left more modest traces, such as smaller fans, smaller inset terraces, as well as a subtler morphological imprint in the form of minor rill incision on the surface of the early Holocene fans. Peltzer et al. [1989] were led to similar conclusions when studying large recent fans in the western Kun Lun.
Active Faulting
We were not granted permission to reach the foot of Boro Horo Shan on the Manas He, Tashi He, Qiu Er Gou, and Hutubi He sections. Where we could do so, as on the Linjia He and San Ge Quen sections, we found no clear evidence of active, north directed thrust faulting along the range front. Thrust faults cutting through folded Mesozoic beds at the foot of the range on the San Ge Quen section (Plate 3) do not seem to cut overlying Quaternary deposits. Recent terraces within river valleys are not clearly offset either, whether at locations we visited in the field or on SPOT images in valleys that we could not explore. Given that the epicenter of the 1906 Manas earthquake is reported to lie southwest of Manas, near Sh(· Chang, at the foot of the Boro Horo range [Institute of Geophysics, 1976] (Plates 1 and 2b), the absence of north facing surface scarps along the range front implies that if thf" earthquake resulted from overthrusting of the Boro Horo range onto Dzungaria, the corresponding thrust must be a deep, blind feature under the edge of that range.
As expected in view of the large magnitude of the 1906 earthquake, however, we saw unmistakable, widespread evidence of strong ground shaking in superficial Quaternary deposits east and west of She Chang, between Lhe Manas He and Jingou He valleys (Plate 2b). Throughout this region, numerous free-faced normal scarps, several tens of centimeters to over I m high, are observed. The scarps, which are well preserved in the surface loess, generally follow the edges of roughly northsouth karstic depressions, and are consistent with downdrop or compaction of the infill of such depressions. In map view, the orientation of the depressions reflects mostly the deposition fabric (Plate 2) of the underlying Q2-3 fans. Free-faced scarps of greater size are reported to exist in the mountains south of She Chang [Bai and Fang, 1981] . They could have resulted from landsliding in response to ground-shaking. Aternatively, they might have been a consequence of hanging wall extension above a blind thrust under the range.
On Landsat and SPOT images, and from a distance in the landscape, clear traces of north-directed thrusting at the range front are visible beyond the perimeter of our field study, just west of 85°E where anticline A4 abuts the steep mountain slope, probably against a lateral ramp (Figure 1 and Plates 1 and 2). They continue farther west [Tapponnier and Molnar, 1979] . A range front thrust may also exist !!Outheast of the Hutubi He valley, continuing east of 87°E (Plate 2) [Tapponnier and Molnar, 1979] .
There is local evidence of Late Quaternary faulting a few kilometers north of the range front, near the western extremity of AO (Plates 2 and 3), but it is incompatible with a southdipping thrust. In the field at this latter locality (San Ge Quen section, Plates 2 and 3), the loess covered surface of the Q2-3 fans is offset 15-20 m by two scarps facing the mountain. We interpret these rather high cumulative scarps to represent the surface expression of active bedding-parallel thrusts, due to Late Quaternary fold growth, within the underlying steeply north dipping Tertiary beds. Scarps of similar origin have been found in the foothills of the Qilian Shan and Taxueh Shan, in Gansu province Meyer, 1991] .
It is along anticlines A1, A2, A3, and A 7 within the piedmont, 20 to 30 km north of the range front, that the most important regional active faults reach the surface. They essentially correspond to the south dipping ramp thrusts that follow the axes of these anticlines. Their surface traces are particularly sharp and prominent where they cut the early Holocene alluvial fans or the corresponding terraces in the narrows that the antecedent rivers flowing down from th~ Boro Horo range have cut through the anticlines (HTB, TSH, MNH, SGQ, and JGH, Plates 2a and 2b), [Avouac et al., 1990] . In fact, were it not for the very young markers that those regularly spaced river valleys provide, unmistakable evidence of present-day activity on the ramp thrusts within the anticlines and quantitative information on the degree of activity of these thrusts would not be available. Thus, although such evidence is lacking in both the Qiu Er Gou and Linjia He valleys where, whether on SPOT images or in the field, we could not identify the early Holocene terraces (Plate 2) and where, in addition, the construction of reservoirs has altered the morphology of the valley floors, we infer the three thrusts along A1, A2, and A3 to be active everywhere along strike.
There are several complexities, however. For instance, although the three active ramp thrusts may root on a single flat at depth, their surface traces are separated by discontinuous steps between the folds (Plate 2) and, at a smaller scale, within the folds. In the Jingou He valley, recent inset terraces are offset only along the northernmost thrust.
The thrust along A 7, which is marked by clear scarps across and west of fan f6, lies more than 20 km northwest of A3. A northwest trending zone of left-stepping, en echelon scarps cuts across f6 south of the trace this latter thrust and merges with it just east of Dushanzi. Irrigation channels follow a similarly trending zone across fan f5 south of AS. It is possible that these two zones lie above active, dextral lateral ramps connecting the A3 and A7 thrusts across f6 and the upper part of f5. This inferred geometry would mimic that of the range front.
QUANTITATIVE STUDY OF HOLOCENE THRUST OFFSETS
Topographic Measurements
In order to place bounds on rates of vertical throw along segments of the main thrust fault, we measured offset elements of the morphology at places where these segments cut fans or terraces inferred to be of Holocene age. The eight sites we found adapted to such measurements, which are labelled after the principal rivers (HTB, TSH, MNH, UH, SGQ, JGH, AJH, DSZ; Plate 2b), span the entire piedmont foldbelt from east to west.
Topographic proftles were levelled across fault scarps and terrace risers, using a high precision, digital-recording theodolite-distancemeter (Wild T 2000, DI 3000). The regional slope, the maximum scarp slope, and the vertical offset of the topographic surface were determined for each profile as shown on Figure 4 . In general, the regional slopes (Jl in Figure 4 ) of the fans on which we profiled scarps were found to be less than 4°, typically between 0.5 and 2°, on either side of the scarps. In such cases, the measured vertical offset is nearly equal to the vertical throw on the fault, independent of fault dip. Similarly, because terrace risers trend roughly parallel to the rivers, which flow along the direction of steepest slope, the regional slope on profiles transverse to such risers is generally less than a few percent. As a result the height of a terrace riser is nearly equal to the difference in elevation between the two terrace levels it separates.
The levelling procedures and related uncertainties have been discussed by . Given the intrinsic precision of the instrument and the scale of the area surveyed, instrumental errors are only of the order of 1 em, which leaves the roughness of the topographic surface as the main source of uncertainty. Terrace fanglomerates at the foot of the Tien Shan form such smooth surfaces that the amplitude of the natural topographic noise on measured elevations rarely exceeds 10 em. The uncertainty on the offsets depends in fact only weakly upon elevation uncertainties. The offset is obtained by linear extrapolation of the far-field topography on each side of the scarp onto a vertical plane passing in the middle of the scarp (Figure 4 ). Only if the topography is far from planar or if the scarp is very degraded will such extrapolation be fraught with error. These two circumstances are the main sources of error for scarps that are several meters high. For simplicity in the estimation of errors, we have distinguished different classes of profiles. The error on the offset derived from a given proftle is considered as the sum of two terms. The first term depends on the roughness of the profile. Since all profiles were levelled on alluvial surfaces which are nearly planar and little disturbed by erosion, this term is generally small. It is set to 0.1 m, 0.2 m or 0.5 m by inspection of the regularity of the surfaces. The second term is proportional to scarp height. It depends on the degree of degradation of the scarp and on the difference in regional slope angles on either side of it. Again by inspection, this relative uncertainty is set to 5%, 10%, or 20% of the height. We assume Gaussian distributions of uncertainties and take error bars of 1u. Where the same offset is derived from several adjacent profiles, the average value is computed as a weighted mean, Tan Tables 1 and 2 .
(1)
Hutubi Site (HTB) At this site, just west of the Hutubi river channel, a prominent scarp across fan fl marks the surface trace of the Tugulu thrust (Plate 2 and Figures Sa and Sb). A smaller surface break continues along strike into the valley of the Hutubi river ( Figures 5 and 6 ). Small pressure ridges along that break and a fresh scarplet at the base of the large scarp in f1 imply ground rupture by a recent thrust earthquake (Figures 6b, 6d ,and 6e). By comparison with other thrust earthquake scarps in central Asia [Meyer, 1991] , the still disrupted vegetation cover and the existence of rodent holes in the loose soil along that rupture suggest to us an event less than a few hundred years old. Across fl, the cumulative scarp makes a large, sharp topographic step (Figures 6, 1a and 7c). The lack of lateral offsets of small transverse gullies ( Figure 5 ), confirms the inference derived from slickensides that movement on the thrust is purely dip slip. Slickensides are clear on the well exposed N105°E striking, 50°S dipping thrust plane along the irrigation channel at the edge of the Hutubi He floodplain. That plane is roughly parallel t<' the scarp in map view (l12°E) and to hanging wall Pliocene mudstone and conglomerate beds in section.
At a more detailed level, entrenchment of the Hutubi river has left successive inset terraces, whose upper surfaces and risers are clear on the SPOT image and in the field. The terrace surfaces are vertically offset across the thrust by different amounts, with the higher ones being more offset than the lower ones, due to fault slip throughout the period of terrace deposition. The highest surface (Q3, Figure Sb) forms only an isolated tongue north of a midvalley Ql-2 spur (Plate 2 and Figure surface, which stands above that of fl, is the last remnant of a terrace older than fi, hence older than Holocene according to the regional, climatic correlation inferred from the SPOT images (Plate 2). All the other surfaces, which are labelled TO, Tl, T2, T'O, and T3 in order of decreasing elevation ( Figures Sb and 7 ) are inferred to be of Holocene age. Terrace T3 lies 8-10 m above the present river bed. Numerous, vegetated braided channels on the surface of that terrace imply that it was still submitted to relatively intense and frequent wash, probably by flood of the river itself, in the recent past. The fresh seismic scarplet visible across T3 has a height of 0.8 m east of the TO-T'O riser (proflles Pl and P2, Figure 7a ). This height decreases farther eastwards.
South of the thrust, the composite upper surface of fi comprises surfaces TO, Tl, and T2. These surfaces have been uplifted •7 to •12 m relative to the more uniform fan surface T'O north of the thrust scarp, which stands about 30m above T3 (proflles P3 to Pll, Figure 7a ). The fan surface is only mildly dissected by local, seasonal channels that do not drain water from the Boro Horo range. Small gullies have developed along the thrust by progressive headward erosion away from the scarp (FigureS). P4 ( Figures Sa and 7a ), one example of profile along such gullies, displays knickpoints. Whether such knickpoints are due to lithological contrasts in the fan deposits or represent the receding traces of different earthquake generated scarps is not known. The recent seismic scarplet near the base of the cumulative scarp on proflles P6 and P7 (Figures 7a, 6d, and 6e) is about 1.1 m high, a height comparable to that of the fresh scarp across T3 and of the lowermost knickpoint on P4. A wellpreserved hinge graben is visible near the top of the cumulative scarp on profiles P9, PlO and Pll ( Figure 7a ). This graben appears to be due to recent hanging wall extension and collapse, probably above a shallow ramp flat bend on the active thrust (see insert in Figure 7a ). The profiles yield rather precise values of all the offsets recorded by the various markers across the fauh scarp ( Figure  ? a and Table 1 ). The heights of all the uplifted terrace surfaces relative to one another and relative to T'O are also rather well constrained by the profiles (Figures 1b and 7c ). On average, TO and T1 have been tectonically uplifted 11.1±0.6 m and 8.5±0.2 m, respectively, above T'O ( Figure 1a and Table 1 
Plate 2b. Geological and tectonic interpretation. Note three prominent anticlinal rows. Active faulting was detected on SPUr images and studied in the field at Hutubi He (HTB), Tashi He (fSH), Manas He (MNH), Linjia He (UH), San Ge Quen (SGQ), Jingou He (JGH), Anjihai He (AJH), and Dushanzi (DSZ) sites. Topographic profiles were levelled across recent fault scarps at all eight sites. Numbers refer to major anticlines (A) and to coeval alluvial fans (t). Arrows are horizontal projections of measured slickensides on exposed fault planes. :::! Qi :::! 10 10 Tables I and 2. mean height of the terrace riser between Q3 and TO (4.5±0.4 m), deduced from profiles Pl6 and Pl7 (Figures 7b  and 7c and Table 2 ), to the vertical offset between TO and T'O.
If the offset differences between TO and Tl (2.6±0.8 m) and between T1 and T2 (1.8±1 m) were taken to represent the cumulative throw of events comparable to that offsetting T3, three and two such events, respectively, would account for those differences. The offset difference between the two main terraces composing the upper surface of fl south of the thrust scarp (TO to the east and Tl to the west) accounts for the westward decrease of the height of that scarp (compare P8, P9 and PlO, Pll in Figure 5b ). That this decrease and the corresponding elevation difference are rather small over a length of 2 km along the scarp supports the inference we made that fl was emplaced as a coherent unit and abandoned in a relatively short time. Uniform wash on the upthrown block and deposition on the downthrown block might imply that the offset values above represent lower bounds of the real offsets. That profile slopes are almost the same and that visible erosion and deposition appear to be confined to a relatively narrow zone (=50 m), compared to profile lengths, on either side of the scarp ( Figures  1b and 9a ) suggest, however, that scarp height decrease related to such a process has been quite small. 'The total vertical throw on the Tugulu thrust since f1 was emplaced and abandoned is thus at least 8.5 ±0.2 m and at most 11.1 ±0.6 m. Taking the emplacement and rapid abandonment of fl to have occurred 10±2 ka , average Holocene vertical throw rates on that thrust are thus between 0.85 ±0.2 mm/yr and 1.1 ±0.3 mm/yr (1.0±0.3 mm/yr on average) at the surface.
Tashi He Site (TSH)
This site is located in the Tashi He narrows, within the core of anticline Al. Here the Tugulu thrust, which strikes N90°-l00°E and dips =50°-60°S, reaches the surface between the upper Cretaceous and the Eocene (Plates 2b, and Figures 3a and 8b) . It has cut and offset high, abandoned terraces of the Tashi He along a prominent cumulative scarp, striking N85°E (Figures 8  and 9 ). On the right bank of the river, mainly three high inset terraces, TO, Tl, and T2, are visible. Six profiles transverse either to the scarp or to terrace risers were levelled to constrain vertical offsets along the scarp and riser heights (Figures 8b, lOa, and lOb).
The uppermost terrace, TO, has been vertically offset 9.5 ± 1.1 m by the thrust (Pl, Figures 8b and lOa Table 2 ) between these two terraces, their offsets are undistinguishable within measurement uncertainties. Hence no movement appears to have occurred in the period between the abandonment of the two terraces. Given the height of the riser, this implies either a long recurrence time between successive seismic events or a fast incision by the river or a combination of both during that period at this site. Two events with amounts of throw comparable to that of the recent event at site HTB could account for the mean offset difference of the scarp across TO and Tl-T2 (1.6± 1 m, Table 1 ). The uppermost terrace TO being continuous with fan f2 along the Tashi He valley (Plate 2 and Figure 8a ), we infer the total offset of TO (9.5±1.1 m) to be a measure of the amount of Holocene throw on the Tugulu thrust in that valley. Given the age previously adopted for deposition of the fans (10±2 ka), the corresponding vertical throw rate would be 0.95±0.3 mm/yr. That these numbers are close to those inferred at site HTB, along the same thrust, supports the inference made from SPOT images that f1 and f2 are coeval.
To assess quantitatively the state of degradation of the riser between TO and Tl, we used a Gaussian model of scarp degradation [Avouac, 1991] , which is adapted for scarps in unconsolidated conglomerates that are not eroded by transverse rills and have already lost their free face, if any. As in the analyses of Nash [1980] , Hanks et al. [1984] , and Hanks and Wallace [1985] , the degradation process is assumed to be diffusion, by some form of downslope transfer of material with a rate proportional to topographic gradient. We also assume the usual fmite initial slope geometry with planar regional topography [Hanks et al., 1984] , with the initial scarp slope 1.1 ± .5(s) 9.0 ± .6 8.7 ± .6 7.7 ± .5 8.4 ± .6 8.5 ± 0.2 10.5 ± .I 12.3 ± .7
11.1 ± 0.6 15.6 ± 1.0 8.0 ± .6 7.8 ± 1.0 7.9 ± .5 9.5 ± 1.1 9.7 ± 1.0 10.0 ± 1.0 16.5 ± 3. angle being the angle of repose of the material ( -35°). This condition generally holds soon after thrust earthquakes that often produce "fold scarps" at the surface [e.g., Tapponnier et al., 1990; Meyer et al., 1990a, b] . In the Gaussian model, the morphological evolution of the scarp shape is represented as the convolution of its initial shape by a Gaussian degradation function whose variance increases with time. A scarp degradation coefficient (expressed in square meters) is defined, equal to half the variance of the function that best approximates the measured scarp shape [Avouac, 1991, this issue] . This degradation coefficient (also called "erosion-age" by Tapponnier et al. [1990] ) is the product of the age (in thousand years ago) by the diffusivity constant k of linear diffusion models [e.g., Nash, 1980; Hanks et al., 1984; Avouac, 1991, this issue] Uncertainties as in Table 1. curve, top). The accuracy with which the degradation coefficient is defined may be seen on the plot representing the variation, as a function of that coefficient, of the standard deviation of the misfits between synthetic and measured profiles, (Figure 10c , right). A sharp minimum defines a well-constrained coefficient. The confidence interval of this coefficient is assumed to be that corresponding to standard deviations less than 5 em greater than the minimum (Figure lOc, right) [Avouac, this issue] . For P5, the best fitting ¥nthetic profile yields a degradation coefficient T = 36 ± 10m with a rather well-defined standard deviation minimum of 0.33 m. The riser top has a sharper curvature than predicted by Gaussian degradation. This implies that nonlinear processes [e.g., Andrews and Bucknam, 1987] , such as nondiffusive slope wash, which are all the more active when a scarp is high, may have contributed to degradation. In Gansu province, on the northern piedmont of the Qilian Shan, a semiarid zone drier than the northern piedmont of the Dzungarian Tien Shan, we obtained a late Holocene mass diffusivity of 3.3 ± 1. 7 m2/ka from modelling the Gaussian degradation of the thrust scarp inferred to correspond to the 180 A.D., M=1.5, Luo Tuo Chen earthquake . Note that taking a mass diffusivity value greater than 3.3±1.7 m2/ka would yield less than 11±9 ka for the age of abandonment of the high terrace Tl in the Tashi He valley, a value consistent with our inference that TO and Tl are early Holocene terraces.
Manas He Site (MNH)
The Manas River crosses the principal fold row of the piedmont in a 4-km-wide gap located between the slightly offset periclines of Al and A2. Within this gap, the river has dug two principal channels, separated by a tongue capped by a loesscovered terrace (Q3), (Plate 2). The high terrace TO that is continuous with fan 0 penetrates far into the two channels on either side of that tongue. At present, the river flows in the western channel. The eastern one, now abandoned, only collects the waters of a small tributary. Both TO and Q3 are cut by two prominent scarps (Figures lla and llb) , about 2 km apart, that mark the overlapping extremities of the ramp thrusts along A1 and A2 (Plate 3). Active faulting at this site is thus more complex than at either of the previous sites, where a unique thrust trace is found. West of the Q3 tongue, however, the height of the northern scarp is much greater than that of the southern scarp. Near the foot of the TO-Q3 riser for instance, the height of the southern scarp is only about 3 m (Figure lla) . Moreover, this height appears to decrease westwards. Thus, in the vicinity of the present river channel, most of the offset of TO is at the northern scarp ( Figure  11b ). Since the height of the northern scarp decreases along strike towards the east, we infer the situation to be opposite in the abandoned channel, east of the Q3 tongue. Access to this channel was prohibited, but we suspect the southern scarp to be the principal one there. Such a geometry suggests that the sum of the vertical throws on NS sections across both thrusts remains roughly constant in the overlap zone, as slip is progressively transferred from one thrust plane to the next, probably along a branch line at depth.
Despite the existence of man-made buildings and irrigated fields on top of TO near the northern scarp, we could level one sufficiently long profile across that scarp (Figure 11c ), a few tens of meters west of the road and a few hundred meters east of the riser forming the steep limit between TO and the present valley floor (Plate 2). On that profile, the scarp height is at least 9 m, and probably very close to 10m (9.7 m on Figure 11c ). The surface of TO south of the scarp has been degraded by digging and cultivation, but the height could not have been greater than about 11 m. Thus, although the profile does not permit constraint of the upper bound of the scarp height with precision, we take the value of 10 ± 1 m to be that most consistent with our measurements (Table 1) . Given the age inferred for f3 (10 ±2 ka), this cumulative throw implies an average Holocene throw rate of 1 ±0.3 mm/yr at this site, comparable to those found at the previous sites.
Linjia He Site (LJH)
The Linjia He narrows cut the western extremity of anticline A2 (Plate 2). On the left bank of the river, north of the dam (Figure 12 ), shallow north dipping Quaternary fanglomerates (Q3) mantled by a relatively thick loess layer unconformably cap the steeply north dipping Neogene beds of the north limb of the , 13a and 13b ). Regional slopes being markedly differenly above and below the scarp, the cumulative vertical offset of the Q3 fanglomerates top surface can only be roughly determined. From profile P (Figure 13b ), that offset is estimated to be 16.5±3.8 m (Table 1) by taking the mean value of the minimum and maximum offsets measured at the scarp base and top, respectively. The fact that the top surface of the Q3 fanglomerates, which are not much different from the Holocene fanglomerates from a sedimentological point of view, is tilted about 5°N (a slope about 5 times greater than the average regional slope of the piedmont (1.1 ±0.1 °N) and than the slopes of early Holocene surfaces TO at sites HTB and TSH (about 1 °N)) corroborates the inference that these fanglomerates are older than Holocene and that their surface tilt is due to folding. Evidence of smaller, more recent offsets may have been obscured by grave digging near the base of the scarp and by dam construction along strike in the valley.
San Ge Quen Site (SGQ)
At this site, near the eastern end of anticline A3, a prominent north facing thrust scarp offsets thicky loess blanketed late Quaternary fanglomerate& similar to those at site UH (Q3), as well as the highest inset fluvial terrace in the San Ge Quen valley. This high terrace appears to be continuous with fan f4, analogous to f4, built by the San Ge Quen river north of A3 (Plate 2 and Figure 14 and 15). Four profiles transverse to the scarp (Figure 16) show that the 5-6° north sloping, probably folded, top surface of the Q3 conglomerates has recorded 25±3.2 m of minimum vertical throw while the younger inset terrace has been offset 9.3±1.1 m by the thrust (Table 1 ). This latter offset, which is comparable to the offsets of features inferred from SPOT images to be coeval at previous sites, implies a Holocene throw rate of0.9±0.3 mm/yr on the thrust.
Jingou Site (JGH)
Farther west along A3, on the left bank of the river at the outlet of the Jingou He narrows, the thrust cuts across the grass covered surface of the head of fan f4 for a length of nearly 2 km (Plate 2 and Figure 17 ). The cumulative thrust scarp, which strikes N95°E, is not much degraded by rills and gullies ( Figure  18a ). The entrenched Jin Gou river now flows 35-40 m below the fanhead top surface north of the scarp and is flanked by prominent, abandoned inset terraces (Figures 17 and 18a) . The scarp is nearly perpendicular to the risers between the four principal terrace levels (from top to bottom: TO,T1,T2, and T3, Figures 17, 18b, 18c, and 19, inset) . The cumulative height of the scarp is less across the lowermost, younger levels . Near the base or the top of the scarp in these levels we found fresh seismic scarplets (Figure 18d ), comparable to those seen at site HTB. As at that site, these scarplets are still outlined by disrupted turf, rodent holes, and exhumed pebbles, a suggestion that they may be less than a few hundred years old (Figure 18d ). In the uppermost terraces, such recent seismic breaks are indistinct and probably lie within the pebbly slope of the higher and steeper cumulative thrust scarp.
Seventeen profiles were levelled across the thrust scarp and the terrace risers (Figures 19 and 20) . On the narrow remnant strip of T3, about 15 above the river floodplain, the vertical offset of the terrace surface across the thrust scarp is only 2.4±0.3 m (Pl, Figure 19 , Table 1 ). On T2, it is 4.0±0.4 m on average, about 1.6 m higher than on T3. Here, the thrust trace splays into two branches, which results in a composite scarp with evidence of mutiple faulting events (P2, P3 and P4, Figure  19 , Table 1 ). On profiles P4 and P5, the clearest, recent seismic scarp let is at the base or slightly in front of the cumulative scarp (Figure 18d ), while it is near the top of that scarp on profiles P2 and P3 (Figures 19 and 20c) . The vertical offsets measured across these seismic scarplets are 0.83±0.15 m on P2 and P3, and 0.89±0.15 m on P4 and P5 (Figures 19 and 20c and Table  1) . These values are nearly identical to those measured at site HTB (Table 1) .
The vertical offset of terrace T1 across the cumulative thrust scarp is 4.6±0.2 m, about 0.6 m higher than that of terrace T2 (P6 and P7, Figure 19 and Table 1 ). That of the uppermost terrace level, TO, is 11.4±0.8 m (P8 and P9, Figure 19 and Table 1 ). This is the largest vertical offset at this site. It is about 6.8 m higher than that of the next terrace level below (Tl). On both TO and T1, a clear hinge graben is visible near the top of the cumulative scarp (P6-9, Figure 19 ). It must be noted that in the Hutubi and Jingou valleys, the shapes of profiles levelled across the cumulative scarps where they are highest are closely comparable (Figures 19 and 7a) . At both sites, the appearance of a hinge graben with increasing cumulative offset probably reflects the development of a fault bend fold as both the emerging thrust plane and the toe of the hanging wall tend to flatten parallel to the topographic surface of the footwall (Figure  7a, inset) .
The surface of the highest terrace level TO is the top surface of fan f4, which we have inferred from the SPOT images to be coeval with similar fans at sites HTB, TSH, and SGQ and to have formed 10±2 9ka. The vertical offset of TO (11.4±0.8 m) thus implies a vertical Holocene throw rate of 1.1 ±0.3 mm/yr, similar to those inferred at the other sites.
The vertical offset of T3 and the differences of cumulative vertical offsets between T3 and T2, T2 and T1, and T1 and TO (2.4, 1.6, 0.6, and 6.8 m, respectively) may be interpreted to be the sum of respectively about 3, 2, 1, and 8 offset quanta roughly equal to that of the most recent seismic event ( ... o.8 m). This would imply that the Jingou thrust has had a regular behavior, with characteristic earthquakes producing similar amounts of surface throw throughout the Holocene. The existence of such earthquakes has been documented on several seismogenic faults, particularly in western North America [e.g., Schwartz and Coppersmith, 1984] .
In order to better constrain the chronology of thrusting across the Jingou He terraces, the shapes of the T2/T3 and T1/T2 terrace risers (profiles PlO and Pll, Figure 20a , and profiles Pl2-15, Figure 20b , respectively) were modelled to determine their state of degradation, following the approach used at site TSH. Unfortunately, profiles P16 and P17 do not permit modelling of the degradation of the Tl/TO riser because active stream erosion has rejuvenated the base ofthis riser (Figure 19 ).
Across the T2/T3 riser, proflle P10 yields a well-defmed degradation coefficient of 15.8±5 m2, with a minimum standard deviation of 0.07 m (Figure 20a , top and Table 3 ). Profll.e P11 cuts a second-order riser (only about 1 m high) merging with the base of the main T2/T3 riser (Figure 19, inset) . The composite nature of the riser is clear on the profile-slope plot (Figure 20a ), which departs from the symmetrical shape typical of degradation of a single scarp. By modelling only the top /art of the riser, a degradation coefficient value of 14.8±5 m with a minimum standard deviation of 0.1 m (close to that derived from PlO) is obtained ( Figure 20a and Table 3 Profiles P12 to P15 cross the T1/T2 riser on both sides of the thrust scarp (Figures 19 and 21) . Although the riser is about 1 m higher south of the thrust, modelling of these four profiles yields similar degradation coefficients, between 18±5 and 24±8 m2, with standard deviation minima between 0.1 and 0.2 m ( Figure  20b and Table 3 ). The average value, 19.5±3 m2, is greater than that obtained for the riser between T2 and T3, which is consistent with T2, which lies above T3, having been abandoned earlier than T3.
Finally, we tried to characterize the state of degradation of the seismic scarplets on profiles P3 to P5 (Figures 19 and 20c) . The modelling is feasible, which supports the inference that the scarplets formed in a single event (Figure 20c ). That the degradation coefficients obtained are small (2.3 +4/-2, 3.0+8/-2.5, and 4.5+8.5/-1.5 m2, Figure 20c and Table 3) corroborates the evidence that the scarplets are recent. Note also that the scarp slope plot of profile P3 reveals a sharp slope break at the base of the cumulative scarp that is distinct from the scarplet near its top (arrows 1 and 2, respectively, Figure 20c ). This suggests that the scarplet located in front of the cumulati· 1 :-scarp on profiles P4 and P5 is still present, though less discernable, at the base of that scarp on profile P3. The degradation coefficient values are too small and too imprecise to permit further analysis or draw additional inferences.
Anjihai He Site (AJH)
The north dipping bedding-parallel thrust exposed within the Pliocene of the north limb of anticline A5, on the left bank of the Anjihai He valley, about 200 m south of the front of the anticline (AJH, Plate 2), is clearly an active feature. Movement on this thrust has offset the 4-m-thick late Quaternary (Q3) terrace (a layer of rounded grey pebbles with sand intercalations) that caps unconformably the Neogene beds 10 to 20 m above the valley floor and dips aoout 5° towards the north (Plate 3 and Figure  21 ). A south facing scarp marks the thrust trace at the surface. Profiles along the edge of the terrace surface and along some of the Pliocene layers, that dip 32 to 35° to the north northeast, provide a quantitative image of the geometry of faulting at this site (Figure 21b ). The vertical offset of the terrace surface and of the unconformity by the thrust are the same, 4.01 ±0.3 m. Slickensides on the thrust plane indicate almost pure dip-slip motion. Given the relatively shallow dip angle of the thrust (32±2°N), the 4-m offset implies 6.4±0.6m of horizontal shortening, a rather large amount.
On the SPOT images and in the field, other south facing scarps with comparable strikes are visible west of the Anjihai river on remnant patches of the same Q3 terrace along the north limb of anticline A5, as well as across f5. Hence we infer the well-preserved, antithetic bedding-parallel thrust shown in Figure 21 to result from active flexural-slip folding within this limb. Such a process probably accommodates surface shortening here because a rather flat thrust remains blind under the anticline (Figure 3b ). Additional offset measurements across these flexural-slip scarps and precise dating of the terrace Q3 would permit placing bounds on the rate of shortening across this anticline.
Dushanzi Site (DSZ)
Just east ofDushanzi, between anticlines A6 and A7 (Plate 2), two zones of left-stepping, en echelon scarps cut fan f6 ( Figures Fig. 13a . Southwest looking view of thrust scarp west of Linjia He (Plate 2 and Figure 11 ). Note south flank of anticline A3 in background center. Figure 12 shows location of profile.
22, 23, and 24, inset map). The northernmost zone strikes approximately east-west, parallel to, but more than 1 km south of, the northern edges of A6 and A7. It is as90Ciated with a flexure of the fan surface, down to the north, which is clearly visible on the SPOT images (Figure 22 ). In the field, the western segment of that flexure appears to be due to overlap of the en echelon, north facing thrust scarps, each of which is a few hundred meters long (Figures 23 and 24) . Such a pattern of multiple faulting could result from splaying of the thrust into bedding planes within the overturned, northern limb of A6-A 7 (see inset diagram in Figure 24) .
Much of the second en echelon scarp zone strikes NW-SE, markedly oblique to A6-A7 (Figure 22 ). Towards the south, it veers to a Nl50°E strike and acquires an extensional component, forming a small graben within the highest (Q3-4) part of the fan surface, where light-coloured silts are trapped (Figure 22) . The more prominent, 6-8 m high, northeastern wall of the graben offsets right-laterally the linear, NE striking edge of that surface by 15-20 m (Figure 22 ). This offset, the extensional component of movement on the more southerly striking segment of this zone, and the left-stepping arrangement of the thrust scarps at its northwestern extremity are all compatible with a sizable component of right-lateral slip along this second fault zone, consistent with its orientation relative to the roughly N-S direction of shortening. Along the flexure across the eastern part of f6, north of the graben, multiple scarps (each at most •lm high) face towards the south, consistent with flexural slip on north dipping beds, as observed towards the east along the north limb of A5-A6. The NW-SE striking fault across f6, which is probably the surface expression of a right-lateral ramp, thus appears to mark a transition zone between two different mechanisms of shortening within the AS-A 7 anticlinal row: flexural slip folding within a gentle flexure above a blind thrust to the east versus north-directed emergent thrusting of the recumbent limb of a more evolved fault propagation anticline to the west. The scarps we measured in the westernmost part of f6 ( Figure  24) are not much degraded, but we could not identify unambiguously the offset due to the last seismic event. By adding the multiple offsets derived from the combination of seven profiles levelled where the two scarp zones parallel each other and are closest (Figure 24) , we obtain a total offset of 11.1 ±2.7 m of the surface of f6 across the thrust along A7. Note that profile P4, which is 750 m long, shows little evidence of folding. The difference in slope between P2 (about 3°N) and P4 (about l.5°N) may be interpreted to result from folding. With the assumption that the surface of f6 is 10±2 ka old, such a cumulative offset yields a vertical throw rate of 1.1 ±0.5 mm/yr, comparable to those inferred at sites along A1-A3.
HOLOCENE RATES OF DEGRADATION AND THROW
The inference that the largest fans (fl-f6) are markers of the same morphogenetic episode and the assumption that this episode took place at 10±2 ka, near the onset of the Holocene period, are consistent with the offsets measured at six different sites. Cumulative offsets recorded by these early Holocene surfaces along the entire length of the active piedmont thrust are remarkably similar and cluster between 8.5 and 11.4 m, with an average value of 10.2±0.7 m (Table 1 and Figure 25a ). Such regularity is unexpected since the thrust is segmented and some of the offsets measured are across fans or terraces that are near the extremities of some of the thrust segments (Plate 2). It is probable that the similar offsets reflect the fact that the different thrusts ramp from a single flat at the base of the Cretaceous (Figure 3a) . In any event, the average Holocene surface throw rate on the Tugulu-Dushanzi thrust appears to be uniform along strike, of the order of 1.0±0.3 mm/yr (Table 4) .
Older Quaternary surfaces (Q3) capping the folds on the sides of the river valleys have been offset by larger amounts (between 15.6 and 25 m) and appear to have been warped 5-6°N by folding at sites UH, SGQ, and AJH. Such surfaces are particularly well developed across the periclines of A1, A2, A3, and around AS. Folding of these surfaces probably occurs over the whole width (10-15 km) of the Tertiary anticlines (A1-A3), as shown in Figure 3a and cannot be quantitatively assessed over the short length of our profiles. No clear trace of folding is visible on profiles measured on the early Holocene fans. The slope of these fans is, in general, small and comparable to the slope of the piedmont, but we cannot rule out that folding of the fans exists at a scale greater that the length of our profiles.
Episodes of river entrenchment and terrace deposition during the Holocene period have left lower inset terrace levels that are offset by lesser amounts. These terraces are more difficult to correlate from one valley to the next. Nevertheless, the morphological analysis of terrace risers at sites TSH and JGH indicates that terrace risers (Ti + 1 /Ti) are all the more degraded since the terraces at their base (Ti) have been more offset by the thrust (Tables 1 and 3) . Recall that the shape of a riser begins to degrade only after the terrace at its base has been abandoned by the river. Hence the degradation coefficient of a riser (Ti + 1 /Ti) relates to the terrace at its base (Ti) and is a crude measure of the age of abandonment of that terrace. On Figure 25b , we have thus plotted the degradation coefficients relative to those terraces as a function of their offset by the thrust. Also plotted as a function of their offsets are the degradation coefficients of the single seismic scarplets at site JGH. An important feature of this plot is that the degradation coefficients are roughly proportional to the vertical thrust offsets (Figure 25b ). Since degradation and offset are unrelated functions of the climatic and tectonic environments, respectively, the simplest way to account for such a linear dependence is to suppose that both the degradation and vertical throw rates have remained roughly constant since the abandonment of terrace TO, which we assume to have occurred near the onset of the Holocene (10±2 ka).
Taking the throw rate estimated from the offset of TO at Jingou He to have been constant (1.1 ±0.3 mm/yr) implies an age of 3.6±1.4 ka for T2, which has been offset 4±0.4 m. Since T2 is associated to a degradation coefficient of 19.5±3 m2, this defines a uniform Holocene de~radation rate (r/t, equal to the mass diffusivity k) of 5.5 ± 2.5 m lka (Figure 25b ). Such a value is compatible with the semiarid climate of the area and is greater than that obtained in the more arid northern piedmont of the Qilian Shan in Gansu province (3.3±1.7 m2/ka ). In addition, it brings all terrace offsets at sites JGH and TSH in rough agreement with a uniform Holocene throw rate of 1.0±0.3 mm/yr (Figure 25b ). Using this value, it is also possible to estimate the age of abandonment of T3 at site JGH (2.76±1.3 ka) and ofT1 at site TSH (6.55±3.1 ka).
SEISMIC BEHAVIOUR OF THE TUGULU-OUSHANZI THRUST
At Hutubi and Jingou He, we found rather fresh seismic breaks with similar vertical offsets, 0.85±0.15 m on average, along the 2-km-long cumulative scarps across fans fl and f6 (Figures 6d, 6e, 1a, 19b, 19c, and 19d) . Given the average Holocene vertical throw rate of 1.0±0.3 mm/years derived above, the return period of events producing surface offsets of this size would be 850±380 years. Evidence on the ground surface suggests that such breaks are only a few centuries old.
Thrust earthquakes with MS6.5 rarely break the surface, particularly in China. Within =50 km of Manas, the only earthquakes with magnitudes large enough ( = 5 .5) for fault plane solutions to be calculated since 1965 are the shocks of November 6, 1980, and March 3, 1983 [Ekstrom and England, 1989 ]. The former is located at a depth of 14 km under the edge of the Bora Horo Shan, about 50 km south of Manas. The latter is a rather deep event (68 km) located in the deeper crust or upper mantle 15-20 km south of site HTB. Given their modest sizes and deep hypocenters and the distance between their epicentral locations and the surtitce trace of the TuguluDushanzi thrust, it is doubtful that any of these events could have produced the recent seismic scarplets observed along this thrust. In the northern Tien Shan west of Urumqi, apart from the December 23, 1906, M=8.3 Manas earthquake, the catalog of strong shocks of China [Institute of Geophysics, 1976] Table 3 . 20 have caused surface ruptures at JGH and HTB. The fact that the catalog lists earthquakes with magnitudes as small as 6 at least two centuries back implies that it is complete for shocks with M>6.5 during that period. Thus, unless the recent seismic scarplets at Hutubi and Jingou He are more than 225 years old, we find it plausible that they resulted from the 1906 Manas earthquake.
These two clear seismic scarplets are 110 km apart. With the exception of a metric, well-preserved crater at the base of the cumulative scarp on T2 in the Tashi He valley, apparently the 19.5 ± 3 3 < 4.5 < 13 .5 < 3.0 < ll .4 < 2.3 < 6
Initial scarp slope is assumed to be angle of repose (35°). Values cf minimum standard deviation between measured and computed profile& are shown in column 6. result of a seismic sand blow, we saw no unmistakable evidence of recent seismic surface dislocation or related phenomena between Hutubi and Jingou He. We believe this to be due to the greater "anthropisation" (man-made degradation) and smaller widths of the youngest terraces at those sites. Note that even at the two sites where clear seismic dislocations were observed, and despite the length of the cumulative scarps there, such dislocations were not distinct everywhere, being sometimes "hidden" within the steep slope of these scarps (e.g., Figure  20c ).
In keeping with the hypothesis that the four ramps along A1, A2, A3, and A7 root at a depth of 6-7 km into a unique decollement ( Figure 3a ) and with the observation that a crustal thrust ramp under the rising Boro Horo range does not surface at the range front in the mesoseismal region of the great 1906 earthquake, it is worth examining how a structure comprising a deep basement ramp under the range, a gently dipping flat in the foreland and shallow ramps under the piedmont anticlines could have generated a moment compatible with the magnitude of this earthquake.
The seismic moment of an earthquake is
where p. is the shear modulus, L is the fault length, W is the fault width, and u is the mean slip during the earthquake [e.g., Aki, 1966] . The length of the thrust activated in 1906 is at least 110 km. If the 1906 break reached fan f6 near Dushanzi, the maximum length of that thrust could have been nearly 200 km. In order to estimate the width of the thrust, we assume a geometry similar to that represented in Figure 26 . Centroid depths of earthquakes along the northern Tien Shan indicate that the crust is seismogenic to depths of at least 40 km (Figure 2 and Plate 1 Nelson et al., [1987] ). Thus we take the thrust to be composed of a steep crustal ramp dipping 45°S under the Boro Horo range from 40-50 to 15 km and of a flatter plane approximating the succession of flats and ramps between the range front and the surface trace, over a distance of about 30 km under the piedmont. This yields a fault width of 65-85 km. The surface throw of0.85±0.15 m observed at sites HTB and JGH is compatible with 1 ±0.3 m of pure dip slip on a thrust dippin:f 50°-60°S at the surface. Taking p.=3.3xto1° N/m , L=150 ± 50km, W=75±10km, and u=1±0.3 m, the seismic moment Mo obtained from (1) is between 1.5 and 7.3x1o20 N m (Table 5) . Despite systematic bias depending on the region and magnitude, seismic moments and Ms magnitudes generally correlate [e.g., Ekstrom and Dziewonski, 1988] . The moment magnitude introduced by Kanamori [1977] , Mw= 2/3 log Mo -6.01 (4) agrees well with Ms for events with Ms ~6.5 (Ekstrom and Dziewonski, 1988] . Here (4) yields Mw between 7.4 and 7.9 for Mo between 1.5 and 7.3x1o20 N m (Table 5 ). The estimated rupture parameters thus appear to be too small to account for the reported magnitude Ms •8.3 [Molnar and Deng, 1984] of the 1906 Manas earthquake.
It is possible that this magnitude has been overstimated. In fact from calibration of the effective gain of the seismographs used during the period from 1897 to 1912, Abe and Noguchi [1983] infer that the surface wave magnitudes of the large shallow earthquakes between 1904 and 1909 have been systematically overestimated, by 0.3 to 0.5 units on average. For the 1906 Manas earthquake, they propose a reevaluated magnitude of Ms •7.3. We doubt that the magnitude of the Manas earthquake is that low, however, for the following reasons. First, the mesoseismal area deduced from the intensity distribution of that earthquake is comparable to that of the September 18, 1951, Ms =8, Damxung earthquake [Ding Guoyu, 1985] , which ruptured a 90-km-long fault with an average horizontal slip of 8±2 m [Annijo et al., 1989] . Second, Abe and Noguchi's [1983] revised magnitude for the great Tannu-Ola earthquake of July 23, 1905, in Mongolia is only 7.7, while the break it generated was 370 km long with amounts of slip in excess of 12 m [Florensov and Solonenko, 1965;  Baljinnyam et al., Ruptures of major earthquakes and active deformation in Mongolia and its surroundings, submitted to Journal of Geophysical Research, 1992] , rupture parameters that are inconsistent with a magnitude of less than Ms .. 8. These two examples for which fieldwork constrains the seismic parameters imply that Abe and Noguchi's [1983] revised magnitude of 7.2 for the 1906 Manas earthquake is a gross underestimate. From the intensity distribution of that earthquake and by comparison with other large shocks in Asia, a value of Ms =8±0.2 appears to us to be the most plausible.
In fact, scaling laws suggest that even our estimate of the 1906 Manas earthquake's moment is an underestimate. For earthquakes of large magnitude the mean slip u is generally proportional to the rupture length L [e.g., Scholz, 1982; Scholz et al., 1986] . For intraplate thrust events, Scholz et al. (1986] fmd a proportionality constant of roughly 6x1o-5, u= 6x1o-5 L.
(5)
Although significant departures from the average scaling law are frequent, a minimum rupture length of 100 km would be most consistent with a mean slip of about 6 m, much larger than the surface slip value of 1 ±0.3 m measured at sites HTB and JGH. That shallow thrusting in the piedmont north of the range is coupled with fault propagation folding (A1, A2, A3, and A7, Plate 2) supports the inference that fault slip at the surface is only a fraction of that at depth. Slip on blind thrusts under folds A5 and A6 (Figure 3b ) probably absorbs additional strain. We conclude that a mean slip of 3.5±2 mat depth on a fault plane 150x75 km 2 corresponding to magnitudes Mw between 7.8 and 8.2 (Table 5 ) accounts best for the most plausible magnitude .... suggest that the active thrust that surfaces along the TuguluDushanzi fold zone ramps down into the crust under the Boro Horo range, 30 km south of the folds. This thrust is the main seismogenic fault of the Dzungarian Tien Shan between 85°E and 87°E. It was probably activated by the M 8 =8±0.2, In summary, when brought together, the inferences derived from surface faulting, Quaternary geology, deep structure, seimicity, and measurements of the Holocene morphology December 23, 1906, Manas earthquake. This great shock may have caused 1 ±0.3 m of slip at the surface as well as incremental folding, but probably had a mean slip of3.5±2 mat depth . Assuming that the thrust only breaks during characteristic earthquakes similar to the last 1906 event, the recurrence time of such earthquakes would be 850±380 years. Our data do not allow discussion of a more complex seismic cycle.
PRESENT DAY RATE OF SHORTENING, AND FINITE AMOUNT OF SHORTENING ACROSS THE TIEN SHAN SOUTH OF MANAS
Rate of Shortening Across the Boro Horo Piedmont
At the surface, the Holocene vertical throw rate along the Tugulu-Dushanzi thrust, which is the principal active fault along the Boro Horo piedmont between 85°E and 87°E, appears to have a uniform value of 1.0±0.3 mm/yr.
The relatively steep dip angles of the various ramp segments that compose this thrust (55 ±5°) imply a Holocene slip rate of 1.25 ±0.5 mm/yr. Since the ramps appear to root into a flat decollement (Figures 3a and 26) , this rate may be taken to represent a lower bound of the rate of slip on that decollement. Thus there ought to be at least 1.25 ±0.5 mm/yr of shortening across the piedmont. As with seismic slip during the 1906 Manas earthquake, more shortening than that inferred from surface offsets along the thrust trace probably takes place. For instance, kinematic compatibility at ramp flat bends requires shortening either by slip on other faults or by folding. Additional shortening is clearly absorbed in the gentle folds (AS, A9) north of some segments of the Tugulu-Dushanzi thrust (Plate 2 and Figure 21 ). Assuming that the ratio between the Holocene surface slip rate and the maximum Holocene slip rate at depth is the same as that inferred between the surface slip and the maximum slip at depth for the 1906 earthquake ( =5.5 m), a maximum shortening rate of 4.9±1.4 mm/yr is obtained at depth under the Boro Horo range. We conclude that a mean Holocene shortening rate of 3.0±1.5 mm/yr, 2-3 times the minimum value derived from the long-term surface offsets along the Tugulu-Dushanzi thrust (1.25 ±0.5 mm/yr) is the most plausible. With a crustal ramp dipping 45° under the Boro Horo range, this would also be the rate of uplift of rocks of that range relative to the southern Dzungarian basement.
Finite Shortening North of the Boro Horo Range
The three-dimensional diagram and the sections of Figure 26 show mechanisms of Cenoz9ic overthrusting at the scale of the upper crust along the Boro Horo range that are compatible with the evidence summarized in Figures 2 and 3 and Plates 1, 2, and 3. The range as a whole is inferred to have formed as a crustal ramp anticline. Underthrusting of the Dzungarian basement has resulted in decollement and folding of the sedimentary cover. West of Urumqi the main active decollement ramps to the surface about 30 km north of the range front along the TuguluDushanzi fold and thrust belt. Two different hand-balanced cross sections illustrating such a large-scale mechanism of overthrusting are shown in Figure 26a . Both have been constructed assuming detachment and folding of the sedimentary cover overlying a flexed, monoclinal Dzungarian basement that underthrusts the Tien Shan.
The top section is based on the assumption that Cenozoic tectonics involved thin-skinned deformation of the foreland with major prograding thrust ramps at and near the range front ancl three principal decolle~ent levels (Upper Permian, base of Upper Cretaceous and base of Neogene). Such a section is consistent with the thrusts observed at the foot of the range west of She Chang (Plate 3). The fact that the Jurassic and Lower Cretaceous crop out at the surface in large anticlines north of these thrusts (e.g., San Ge Quen section, Plate 3, and section south of HTB, Plate 2b) is accounted for by antiformal stacking. This section shows 30-35 km of Cenozoic shortening and maximizes the size of the sedimentary wedge that is overthrust by the Boro Horo range. The existence of such a thick wedge was inferred from travel times delays by Nelson et al. [1987] .
The bottom section in Figure 26a is simpler. It is based on the assumption that the major thrust under the Boro Horo range remained blind and flattened into one main decollement at the base of the upper Cretaceous since the onset of shortening. It implies only 10-15 km of shortening.
Although these two sections are the simplest compatible with our observations, they are not unique. Moreover, since we were not granted access to the range front in all the valleys, we cannot decide unambiguously whether a Cenozoic, now inactive, ramp and an antiformal stack exist everywhere along the range, and choose between such sections. Note, however, that the top section accounts best for the progressive development of a flexural foreland basin. An amount of shortening of 30 km could have been reached in 10 m.y. at the rate of3 mm/yr. Placing the reactivation of the Dzungarian Tien Shan at 23 Ma, ·in keeping with the bulk of the sediment in the flexural foreland basin being Neogene and Quaternary, would yield 35 km of shortening at the minimum rate (1.5 mm/yr) inferred above.
Shortening Across the Mole Tien Shan South of Manas
Basement underthrusting with decollement and folding of the sedimentary cover appears to occur also on the south side of the Tien Shan, along the edge of the Tarim basin [e.g., Tapponnier and Molnar, 1979; Nelson et al., 1987; Chen et al., 1985] .
The cross section shown in Figure 27 (AA', Figure 2 ), which passes near Manas, strikes roughly perpendicular to the southdipping Tugulu-Dushanzi thrust, to the different ranges that compose the 220-km-wide Tien Shan belt and to the north dipping thrust that bounds the belt between Korla and Kucha along the Tarim (Figures 1 and 2) . Hypocenters of all the earthquakes located less than 100 km on either side of that section on Figure 2 are projected on the vertical section plane. The preferred nodal planes of known fault plane solutions are also shown. Except for the shock of March 3, 1983, most earthquakes appear to be located within the underthrust crust on either sides of the belt. The seismicity in Figures 2 and 27 thus implies that most of the present-day shortening occurs on the thrusts that bound the Tien Shan belt to the south and north and that these two thrusts are similarly active. Assuming negligible seismicity within the belt and similar seismic strain rates along both thrusts would yield a shortening rate of 6±3 mm/yr across section AA'. Assuming only small-scale Tertiary thrusting inside the belt and comparable amounts of finite shortening, as implied by the comparable topography of the range fronts (Figure 27 ), along the two bounding thrusts would imply a fmite shortening of 60 km across that particular section. Since a few recent folds and thrusts are visible on satellite images within the Tien Shan, especially east of AA', it is likely that the seismic shortening rate at =85°N is somewhat greater than 6±3 mm/yr. The shortening required to create a 200-km-wide zone of thickened crust is probably significantly greater than 60 km. Thus the estimated shortening rate of 6±3 mm/yr and cumulative shortening of 60 km should both be considered lower bounds
The amount of crustal shortening responsible for the present high topography and absorbed by crustal thickening across the whole Tien Shan along section AA' may be estimated by balancing the crustal area under the belt. We assume decollement of the sedimentary covers in the basins flanking the belt. Neglecting erosion, on sections such as those in Figure 28 , this shortening would be given by
where Aa and Ar1 are the present-day and initial respectively, crustal areas under the belt, and HO is the thickness of the crust under the basins without the sediment. Erosion moves surface rocks away from a mountain belt. If rivers born in a belt do not reach the sea, the material removed and transported by erosion ends up in the form of sediments only. This is the case in the Tien Shan, which formed far into the interior of the Asian continent. Knowledge of the amount of crust removed by erosion in the mountain belt and deposited as sediments permits correcting for the effect of erosion. Assuming cylindrical geometry and taking into account sediment decompaction, this correction is
Ased being the cross sectional area of the sediments deposited in the adjacent basins during mountain building, and r sed and r c being the sediment and crustal densities respectively. The amount of shortening during intracontinental mountain building with erosion is thus given by
rc HO To estimate shortening thus requires information on the topography, on the geometry of the Moho across the belt, and on the amount of sediments in the basins in the initial and present states, as well as on the densities of the crust and sediments.
Three possible geometries of the Moho are drawn on Figure  27 . Densities are taken to be 3.3 for the upper mantle, 2.8 for the crust, and 2.6 for sediments in the Tarim [Burov et al., 1990] as well as in the Dzungarian basins. The average elevation being • 2800 m across the 220 km wide belt on AA', Moho depths, computed assuming local isostasic compensation of the topography (short dashed line), or regional compensation by flexure of a continuous elastic plate with a flexural rigidity D=4.7xto22 N m (or an elastic thickness of 20 km, with a Young's modulus E= 8x101~tm2 (continuous line)), are not very different (H2 • 53 km) and are essentially consistent with the Bouguer gravity profile shown above the section. This implies that the belt is very nearly locally compensated. The long dashed line corresponding to flexure of a continuous plate with a flexural rigidity D = 30xl o23 N m (or an elastic thickness of •80 km) would imply that the belt is far from isostatic compensation, which is clearly not compatible with the gravity profile. Hence, for our purpose of estimating crustal shortening, we take the Moho geometry to be consistent with local compensation. The corresponding crustal area under the belt is thusAa=12xlo3 km2.
Parameters defining the initial geometry of the crust in the Tien Shan and adjacent regions before the onset of Cenozoic reactivation are more difficult to assess. As summarized in the first section of this paper, the Upper Cretaceous and Lower u is seismic slip, W is fault width, and L is fault length.
Tertiary appear to have been particularly quiet periods from a tectonic point of view. They were also periods of widespread deposition of relatively uniform and moderate thicknesses of · mature continental sediments [Hendrix et al., 1992] . Although crustal thickening continued into the Permian, the Jurassic appears to have been a period of localized, mostly normal and strike-slip faulting. The tectonic history and geological record thus suggest a rather smooth morphology, with no great elevation differences and rather low elevation in the early Tertiary. Apparently, there were no large residual mountains.
Nor were there large subsident basins floored by thinned crust. Present average elevations and Moho depths in the Tarim and in Dzungaria (two parts of central Asia that have so far escaped Tertiary tectonic reactivation) are about 900-1100 m and 400-500 m and 42 and 37 km, respectively [Ma, 1987] . The average elevation and Moho depth under the Tien Shan in the early Cenozoic were thus probably between 100 and 1100 m and 35 and 42 km, respectively. Moreover, whether in the Tarim or in Dzungaria, the continental basement in the flexural basins adjacent to the Tien Shan is only about 35 km thick under 5-12 km thick sedimentary wedges. Reasonable values of initial crustal thicknesses under the belt (H1) and under the adjacent Tarim and Dzungarian basins (HO) thus appear to be between 35 and 42 km (Figure 28 ). On section AA' in Dzungaria, the cross sectional area of the sediments deposited in the flexural foreland basin during the Cenozoic orogeny (post-Cretaceous, Plate 1, inset) is Ased(Dz)M=950 km2. This is a maximum value because AA' crosses the basin where it is deepest. From the isopach map of Figure 2 , the average cross-sectional area along the 300-kmlong piedmont would be at least Ased(Dz)m=500 km2, since at least half of the infill of the basin is of Cenozoic age. In the Tarim basin, the total volume of sediments overlying the Paleozoic basement is •2.4x1o6 km3 [Chen et al., 1985] . From the sediment isopachs map of Bally et al. [1986] , the volume of the Cenozoic sediments resulting from erosion of the rising mountains surrounding the basin is about two thirds of that total, -1.1x106 km3. Thes-:. sediments come mostly from the Tien Shan and Kunlun mountain belts whose lengths and elevations are of the same order. Taking the contribution of either belt to the total Cenozoic infilling of the Tarim to be about the same would imply that -8.5xt0Skm3 of sediments were supplied by erosion of the Tien Shan during mountain building. The length of the Tarim foreland basin being about 1000 km (between 75° and 88°E), the average cross-sectional area of Cenozoic sediments in that basin would be Ased(Ta)=850 km2, a value comparable to Ased(Dz). Taking the amount of sediments to be roughly proportionnal to the width of mountain belt eroded implies that it increases by a factor of •2 from 88° to 75°E, as the width of the Tien Shan increases· from about 200 to 400 km. Hence Ased(Ta) would vary between 560 and 1140 km 2
.s ,.. [Ding G., 1985, P. l66D . Continuous line is two-dimensional gravity tit assuming local compensation of topography.
Reasonable values for either Ased(Dz) or Asedg'a) across section AA' thus appear to be of the order of 600 km . With extreme initial thickness values of HO=H1 =35 km, H0=35 km, and H1 =42 km or HO=H1 =42 km, (8) yields Cenozoic shortening values across the Tien Shan south of Manas of 154, 110, or 97 km, respectively, of which 31 km (between 20 and 30%) correspond to the erosion term (Table 6) . Thus, at this longitude, mountain building in the Tien Shan would have absorbed 124±30 km of Cenozoic convergence between Tarim and Dzungaria. This is about twice the amount of finite shortening estimated to have been absorbed by the thrusts bounding the belt since the onset of Cenozoic reactivation. If 124±30 km of shortening had been absorbed at a rate of 6±3 mm/yr across the Tien Shan south of Manas, reactivation would have started around 21 ( +30/-10) Ma, in keeping with the Neogene-Quaternary sediment fill of the flexural foreland basins.
Heterogeneous Shortening Across the 1ien Shan and Clockwise Rotation of the Tarim Relative to Dzungaria and Kazakhstan
At the largest scale in map view (Figure 1) , the Tien Shan belt is wedge-shaped. Its width increases towards the west, reaching about 400 km north of Kashgar, at 76"E (Figure 1 ). It vanishes into the Gobi desert near 96°E, about 1700 km eastwards alon~ strike (Figure 1 ). In fact, taking the 2000 m elevation contour as defining the limit of the mountainous relief, the northern and southern borders of the Tien Shan may be fitted with two great circles (C and Co in Figure 29 ) that intersect east of Hami (point P, at 95.7°E, 43.5°N, Figure 29 , see also Chen et a/., [1991] and make an angle of 12". This geometry indicates that there has been more crustal thickening and shortening in the western than in the eastern Tien Shan. Moreover, the width of the mountain belt, hence presumably the amount of shortening, increases regularly westwards with distance from P. This implies that concurrent with Cenozoic mountain building in the Tien Shan belt, the Tarim block has rotated clockwise relative to regions located north of the belt, in particular Kazakhstan and Dzungaria, roughly about P [Avouac et al., 1990] . The Tarbagatay mountains, which separate Dzungaria from Kazakhstan, are only about 50 km wide, with maximum elevations generiilly between 2500 and 3000 m (Figure 1 ). They are modest ranges by Central Asian standards. Recent and active strike-slip faults south of the Tarbagatay, including the Dzungar fault, have small lengths. It thus seems likely that the amount of Cenozoic movement, including rotation, between Dzungaria and Kazakhstan has been small. This inference is supported by the small amount of post-Mesozoic counter clockwise paleomagnetic rotation (2.6±4.5") found between Dzungaria and Siberia, which is attached to Kazakhstan [Chen et al., 1991] . To the first order, it is therefore reasonable to assume that Dzungaria and Kazakhstan form a relatively stable block, that has not moved much relative to Siberia.
The inference that the Tarim has rotated clockwise relative to regions north of it may be tested quantitatively, and the amount of rotation determined by constraining the E-W gradient of Table 6 ). On all sections, amounts of st>ortening ignoring removal by erosion were first computed from equation (8). On section 88'for instance, north of Kashgar, the belt is about 380 km wide, and the thickened crustal area under the belt, about 20x103 km2. In keeping with the three sets of initial thicknesses taken for section AA', amounts of shortening ignoring removal by erosion across 88' are thus 191, 115, or 96 km (Table 6 , Figure 30 ). Corrective terms corresponding to erosion were then calculated assuming the amounts of sediments deposited in the forelands north and south of the belt during mountain building to be roughly equal and proportional to belt width. For section 88', for instance, the cross sectional area of Cenozoic sediments in the Kazakhstan foreland is thus taken to be Ased(Ka) =Ased(Ta) = 1100 km2, and the amount of additional shortening corresponding to erosion is Shsed = 60 km. Amounts of shortening corrected for erosion across 88' are thus 251, 175, or 155 km, and the average shortening absorbed between Tarim and Kazakhstan north of Kashgar would be 203±50 km. All sections strike N-S, except AA' (N20°E). Three values for each section (see plot as a function of longitude in Figure 30 ) correspond to three sets of initial crustal thicknesses discussed in text. Erosion contribution is specified in last column. Estimates of N-S shortening deduced from (8) across other sections are listed in Table 6 and plotted as a function of longitude on Figure 30 . For each section, three values corresponding to the three sets of initial thicknesses considered are given. For section AA', that strikes N20°E, azimuthal correction yields components of N-S shortening of 116, 74, or 62 km. The shaded area represents the additional shortening corresponding to erosion. The three values of N-S Cenozoic shortening decrease roughly linearly eastwards by about 10.8, 7.1, and 4.9 km/ 0 E, respectively, to vanish in the vicinity ofP. The correlation with belt width holds because average elevations across N-S sections vary only between 2500 and 2900 m along strike. Relative to the northern piedmont of the Tien Shan belt, these three shortening gradients imply clockwise, finite Cenozoic rotations of 7.3°, 4.5°, or 3.4° of the southern boundary of that belt about P. Erosion proportional to belt width would increase these angles by 2.1°, to 9.4°, 6.6•, and 4.5°, respectively. In a reference frame fixed to Dzungaria and Kazakhstan, the westward increase of shortening across the Tien Shan is thus consistent with 7±2.5° of clockwise rotation of the Tarim block (Figure 29) . The short dashed line on Figure 29 shows the corresponding, reconstructed position of the 2000 m elevation contour that defmes the rim of the Tarim Basin, before the onset of Cenozoic mountain building in the Tien Shan.
The angle of rotation derived from the crustal shortening gradient is consistent with the 8.6±8.7° clockwise rotation of Tarim relative to Dzungaria deduced by Chen et al. [1991] from the paleomagnetic study of Cretaceous and Lower Tertiary red bed sites along the Dzungarian piedmont. The mean paleolatitude difference (3.0±6.9° [Chen et al., 1991] ) found between these sites and sites east of Aksu, south of the Tien Shan [Li et al., 1988] , on the other hand, could be taken to imply a north-south component of Tertiary shortening in the central Tien Shan of about 300 km, an amount about 70% greater than that deduced from surface balancing of the crust assuming an initial thickness of 35 km (about 180±40 km, Figure 30 and Table 6 ). This discrepancy might imply that the Lower Tertiary crustal thickness of most of the Tien Shan and possibly of regions farther to the east in the Gobi was significantly less than 35 km. Given both the absence of marine upper Mesozoic-Lower Tertiary sediments and the presence of numerous outcrops of Precambrian-Paleozoic metamorphic rocks east of 78°~, ans;l in view of the particularly large uncertainty on that paleolatitude difference, however, we fmd such a circumstance improbable.
Assuming that the Tarim block rotates roughly about P relative to regions north of it (Figure 29) , a shortening rate of 6±3 mm/yr south of Manas would be consistent with a shortening rate of 12±6 mm/yr north of Kas~ar and with a clockwise rotation rate of 0.45 ±0.2° /10 years. The corresponding average rate of shortening across the Tien Shan belt between 75 and 85°E would be 9±5 mm/yr. Such a value would not include internal strain within the belt, which seems small south of Manas. This rate is smaller than the 100 years average seismic shortening rate inferred for that belt (13 ± 7 mm/yr [Molnar and Deng, 1984] ). A shortening rate of 12 mm/yr in the Tien Shan north of Kashgar would represent two thirds of that inferred for regions located northwest of the southern Altyn Tagh fault (19 mm/yr across an area that includes the western Kunlun, Altyn Tagh, and Tien Shan mountains) from Holocene slip rates on faults in southern and northern Tibet Peltzer et al., 1989] . Taking the rate of rotation between the Tarim and Kazakhstan to have been constant and equal to 0.45±0.2°/106 years during the late Cenozoic, a 7±2.5° angle of fmite rotation between the two would imply that Tertiary mountain building in the Tien Shan began about 16 ( +22/-9) Ma, in the middle Miocene, an age consistent with that of the most abundant sediments in flexural basins on either side.
DISCUSSION AND IMPLICATIONS
To our knowledge, the study of late Cenozoic and active shortening in the Tien Shan presented in this paper is the first to be based on detailed field measurements. For this reason, it provides a more accurate, quantitative picture of the geometry and kinematics of overthrusting along that range than was hitherto available. Clearly, because most of the geological and morphological evidence we discuss was collected west of Urumqi at the foot of the Boro Horo range, the results derived are robust in that region only. Nevertheless, they throw light on overthrusting processes along other parts of the Tien Shan where both the surface geology and topography are similar and may thus be used to constrain a large-scale tectonic model of the whole range. Moreover, because there have been few field studies of comparably active piedmonts at the foot of major continental mountain ranges, these results may serve to draw or corroborate simple inferences on the mechanics of crustal shortening along such ranges.
In terms of their recent structure and geometry, the two frontal ranges of the Dzungarian Tien Shan (Boro Horo and Bogdo Shan) appear to be large ramp anticlines, at the scale of the crust (Figure 27 ). This substantiates the old idea that high mountain ranges in various parts of Central Asia are crustal or "basement" folds [Hedin, 1922; Argand, 1924; Ulomov, 1974; Tapponnier and Molnar, 1979] , an idea that is also gaining ground in other regions of active crustal shortening see for example, (Molnar and Lyon-Caen [1988] , for a review of probable examples in the Himalayas and the American cordilleras,and Tapponnier et a/. [1990] and Meyer [1991] for the mountain ranges of northeastern Tibet). Such large-scale folding appears to be the finite result of movement on high-angle thrusts that ramp from the lower crust towards the surface [e.g., Molnar, 1987; Molnar and Lyon-Caen, 1988; Tapponnier et al. 1990] , rather than the result of fmite amplitude buckling instabilities [e.g., Davy and Cobbold, 1988; Martinod, 1991] . Crustal ramp folding typically produces 3-8 km high, 20-60 km wide ranges and is probably the chief mechanism underlying the formation of continental mountain ranges of that size. These include the Aar and Mont-Blanc massifs in the western Alps [e.g., Menard and Thouvenot, 1987; Lacassin et al., 1990] , the Sierra Nevada in southern Spain, the Mustagh Ata and Kongur Shan in the Pamirs, or the San Gabriel Mountains in California. The relatively simple and uniform "initial state" of most parts of Central Asia prior to the late Cenozoic reactivation (i.e., flat Cretaceous-Paleogene sedimentary blankets and vast, flat Paleogene peneplains, whose subsequent folding and faulting is particularly clear) makes it an ideal place to investigate various aspects of this mechanism.
At a more detailed level, where a flexural basin has developed in the foreland of the mountain ranges and when it has reached a depth of several kilometers and a width of several tens of kilometers, the geometry of such ranges is akin to that of a large fault-bend fold. The active ramp thrust under the rising core of the range remains blind. Instead of surfacing along the range front, that thrust flattens on decollements within or under the sediments of the foreland basin. Seeber et al. [1981] , for instance, have long inferred the existence of such decollements south of the Himalayas from the position of isoseismals of great Indian earthquakes (e.g., 1934 Bihar-Nepal earthquake). If these decollements ultimately ramp to the surface, they will do so along the cores of active fault propagation anticlines deforming the sediments, several tens of kilometers away from the range front. If not, more gentle surface folds, also tens of kilometers away from the range, will be the surface expression of the blind tips of these propagating decollements. The growth of such folds is likely to involve widespread flexural slip. particularly on bedding planes dtpping away from the main range, in effect a form of rotational bookshelf faulting distributing the displacement that cannot be absorbed by a throughgoing, localized thrust fault. The piedmont of the Tien Shan west of Urumqi illustrates these processes remarkably well. Where the Manas flexural basin is deepest and widest, the active thrust has migrated farthest from the range front (Plate 1 and 2 and Figures  2 and 27) . Towards the west, where that basin shallows (i.e., where the total thickness of Meso-Cenozoic sediments becomes less than 5km ) the deep, high-angle thrust ramp emerges along a prominent active scarp right at the base of the range (Figure 2 and Plates 1 and 2 ). South of Manas, unmistakable evidence that an active high-angle thrust ramps to the surface within the main row of piedmont anticlines exists in the form of forelandfacing scarps across terraces in narrows that large antecedent rivers have incised into the cores of the anticlines (Figure 3 and Plates 2 and 3). Between Shawan and Dushanzi, the north limbs of the gentler anticlines of the more northerly row display instead spectacular examples of flexural slip on north dipping bedding planes, resulting in mountain-facing surface scarps (Plates 2 and 3 and Figure 3b ). Such scarps have been observed in a similar environment of locally blind thrusting at the foot of the Qilian Shan Meyer, 1991] .
The occurrence of foreland-facing scarps within narrow valleys entrenched in fault propagation anticlines or of mountain-facing scarps on the foreland-dipping limbs of gentler anticlines should in fact characterize high-angle emergent or flat blind active thrusts, respectively, in front of most rising mountain ranges that have deep foreland basins. A systematic search for such features might help alleviate the obstacle that the thick basin sediments, which smother faulting, oppose quantitative neotectonic work at the surface.
Although rendered more subtle by denser vegetation and faster degradation rates, those features may well exist, for instance, in the foreland of the 4-5 km high, still rising, external crystalline massifs of the western Alps.
We also see similarities between active shortening north of the Boro Horo range and south of the San Gabriel Mountains, although the overall tectonic environment there is one of fast, predominant strike-slip movement and the Los Angeles Basin, of pull apart origin [e.g., Hauksson and Stein, 1989 , and references therein; Davis et al., 1989, and references therein] . The prominent surface scarp that marks the Cucamonga thrust [Morton and Matti, 1987] along the base of those mountains, to the east, stops north of Upland. West of that locality, and for at least 30 km, Holocene surface faulting along the Sierra Madre fault, at the base of the San Gabriel Mountains is much less clear [Crook et al., 1987; C. Allen, personal communication, 1989] . The mountain front, however, is steep and shows youthful morphology, which implies that it must still be rising fast. That such uplift is active is attested by the occurence of the June 28, 1991, Mw= 5.7 Sierra Madre earthquake, that ruptured a 54°NE dipping thrust fault, "'11 km deep and "'15 km north of the mountain front. South of it, as much as 12km of sediments have accumulated in the Los Angeles basin [e.g., Davis et al., 1989] . A 150-km-long zone of active anticlines, the Elysian Park-Santa Monica Mountains fold zone, runs roughly E W, 20 to 40 km south of the mountain front [Davis et al., 1989; Jones, 1989, 1991; Lin and Stein, 1989] . Blind thrusting on a 10-15 km deep, 25°N dipping ramp and incremental folding of the surface occurred along a 6 km long segment of that zone during the October 1, 1987, ML=5.9 Whittier Narrows earthquake [Hauksson and Jones, 1989; Lin and Stein, 1989] . Southwest of Upland, the Elysian Park fold zone may merge with the subsurface San Jose fault [Hauksson and Jones, 1991] . Together, the June 1988, ML=4.6 and February 1990, ML=5.2 Upland earthquakes ruptured 14 km of that 18-km-long fault, to a depth of 13 km, but relieved only a fraction of the stress stored on the fault [Hauksson and Jones, 1991] . The focal mechanisms and aftershock locations of both shocks indicate left-lateral motion on the NE striking, 70°NW dipping fault, which may thus be interpreted to represent a leftlateral ramp linking the Cucamonga and Elysian Park thrusts [e.g., Hauksson and Jones, 1991] .
Hence the upper crustal structure and surface morphology, as well as the faulting geometry and kinematics suggest that a mostly blind, high-angle crustal thrust ramp underlies the San Gabriel Mountains, which continue to grow along much of their length as a crustal fault-bend fold, as appears to be the case for the Boro Horo range. Where the Los Angeles basin is over 11 km deep, this active crustal thrust appears to have flattened under the foreland sediments and propagated to ramps underlying the Elysian Park-santa Monica Mountains anticlinal zone [e.g., Davis et al., 1989; Hauksson and Jones, 1991] . In three dimensions, the transfer of shortening from the deep ramp under the San Gabriel Mountains to that zone is complex and may take place at different crustal levels but occurs mostly in two discrete steps, along the San Jose lateral ramp and the deeper Raymond lateral ramp, that ruptured during the December 1988, ML=4.9 Pasadena earthquake [e.g., Hauksson and Jones, 1991] . We view these two lateral ramps as analogous to those between A3 and A6, and across f6, WSW of Shawan (Plate 2 and Figure 22 ).
The sequence of 5-15 km deep earthquakes of moderate magnitude (4<M<6) that has recently shaken different areas of the San Gabriel Mountains foreland may thus be seen as having ruptured different shallow patches of the same complex thrust fault surface, a large crustal feature rooted under those mountains. This, as well as the temporal clustering of those earthquakes (i.e., the last five of 60 years of instrumental recording [Hauksson and Jones, 1991] suggests to us that they might be precursors of an impending, larger and deeper event originating on the crustal ramp beneath the mountains. If so, the greatest seismic hazard for the Los Angeles region would not lie on the shallow blind thrusts south of the San Gabriel Mountains but on that deep ramp, which probably merges with the San Andreas fault at depth and may be kinematically coupled with it. The magnitude of a large event on that ramp, of the 1906 Manas earthquake type, might exceed 7.5 if the mean slip were 2-4 m and if the rupture surface extended 50-100 km west of Cajon Pass. A detailed geological surface study of the Cucamonga fault would seem to be the fastest and cheapest way to obtain conclusive evidence on the existence, characteristic slip, and recurrence time of such an earthquake.
Outside subduction zones or compressional plate boundary segments (e.g., Transverse Ranges along the San Andreas fault, mentioned above), we know of few instances in which long-term shortening and uplift rates on active thrust faults have been estimated. Our work in the northern Tien Shan provides a range of such estimates and illustrates typical difficulties in obtaining them. First, there are fewer surface breaks due to thrust than to normal and strike-slip earthquakes, and there is growing evidence that most thrust earthquakes of moderate magnitude (5.5 <M <6.5) occur on blind faults [e.g., Stein and King, 1984; Stein and Ekstrom, 1992; Ekstrom et al., 1992] . Second, the rare thrust faults that reach the surface generally do so in complex ways, causing surface warping and forming multiple splays and discontinuous pressure ridges instead of a clean break. Moreover, because thrust faults usually dip less steeply than normal faults near the surface, their traces tend to migrate faster with increasing slip. As a result, slip rates are poorly known even on thrusts that have broken during earthquakes as extensively studied as that of 1980 at El Asnam (Ech Chliff), [e.g., Yielding et al., 1981; Philip and Meghraoui, 1983] . Rates of uplift or of shortening across folds may be inferred indirectly from rates of tilting or of incision, by rivers that cut them, of terrace surfaces [e.g., Rockwell et al., 1988] , but for a direct, simple and fast determination of surface thrust-slip rate, clean cumulative thrust scarps must be found. Such scarps are rare in the area we studied, but short segments of them may be found across a few narrow valleys. There, by fortune, hundreds of meters of river incision provide direct access to portions of the rather steeply dipping (55° ±5°S) thrust ramps that lay concealed into the folds elsewhere. Along the scarps, the vertical throws of high terraces inferred from SPOT images to be coeval in all the valleys are found to be the same, of the order of 10m, with a standard deviation of less than 10%. This remarkable uniformity not only justifies, post facto, the inference that the terraces are coeval but also that they were emplaced within a short time span during the last major climate warming, i.e., the beginning of the Holocene, now known to be globally synchronous at temperate latitudes (10±2 ka), [Fairbanks, 1989; Gosse et al., 1991] . The uniform Holocene surface throw and thrust rate values we derive (1.0±0.3 mm/yr and 1.34±0.6 mm/yr, respectively) rely critically on this indirect estimate of the age of the terrace surfaces fl-f6. Note that this estimate is also a major source of uncertainty in the values obtained. Clearly, direct dating of the fan surfaces, one by one, is needed. Nevertheless, we feel that the mean thrust rate above is unlikely to be in error by more than 50%. An indication of this is given by the degradation of inset terrace edges in the Tashi and Jingou He valleys, which implies not only uniform thrust and degradation rates during the Holocene (i.e, since the deposition of the fans f1 to f6) but also yields a mass diffusivity of 5.5 ±2.5 m21kyr for a local surface throw rate of 1.1±0.3 mm/yr. The mean uniform surface throw and degradation rate values derived here for the northern Tien Shan are closely comparable to those estimated along two thrusts (Yumu Shan and Chan~ma faults) in the Qilian Shan (1 to 2 mm/yr and 3.3±1.7 m lkyr), a similar environment of active continental shortening with a slightly drier climate, for which the time scale is calibrated by the occurrence of the 180 A.D. Luo Tuo Chen earthquake Meyer, 1991] .
Even if the mean thrust rate determined at the surface is correct, however, it must be considered a lower bound of the slip rate on the deep crustal ramp under the northern Tien Shan. This is because crustal shortening tends to be absorbed by folding and diffuse flexural slip within surface layers, making the relationship between slip at the surface and at depth more difficult to establish for thrusts than for other faults. We cannot be completely certain that the main surface trace of the 1906, Ms ""8.3, Manas earthquake does not lie in the mountain south of She Chang [Bai and Fang, 1981] , outside the zone we were granted access to. If correct, however, our interpretation that this earthquake activated the Tugulu-Dushanzi thrust, producing only the small·0.85 ±0.15 m high scarplets at Hutubi and Jingou He and greater free-faced extensional scarps related to hanging wall folding in the mountain, implies that about two thirds of the slip at depth are lost to folding and other diffuse strain before the surface is reached. With the thrust geometry deduced from geological maps and sections north of the mountain (Plates 2 and 3 and Figure 26 ), this conclusion derives mostly from the fact that a mean slip of 3.5 ±2 m at depth is required for better scaling with the rupture len2th and for producing a moment Mo of between 5.6 and 20x1o2l> N m compatible with a magnitude Mw=8±0.2 earthquake (Table 4 ). The resulting uplift rate would be 3 + 1.5 mm/yr.
Hence even great earthquake dislocations may have difficulty reaching the surface on continental thrusts. In spite of their size, such events may leave modest traces at the surface. In the foothills of the Tien Shan south of Manas, about a dozen earthquakes with magnitude greater than 8 appears to have in fact left a cumulative scarp only 10 m high and across a few valleys only. This observation, together with the fact that the recurrence of such great events might be of the order of 1000 years or more (850±380 years for the Boro Horo range), presumably explains why their occurrence has gone unnoticed and unforeseen under most ice-capped continental mountain ranges (for instance, the western Alps) save those where they occurred in the last 120 years. A corollary of this is that even when of modest height, cumulative thrust scarps of short length might be the telltale sign that great earthquakes do occur. Note that the rate of active shortening we infer on the deeper part of the Tugulu-Dushanzi thrust (3 ± 1.5 mm/yr) is not much different from that found for the Cucamonga fault ... 5 mm/yr [Morton and Matti, 1987] ). Nor is the total rate of present-day shortening we infer across the whole Tien Shan south of Manas (6±3 mm/yr) very different from plausible values, consistent with plate tectonics, one might infer across the western Alps ( ""'5 mm/yr). At the very least, the example of the northern Tien Shan should prompt us to take a serious second look.
Since deposition, the fans and high terraces that we infer to have formed near the onset of the Holocene (TO, fl-f6) have been rather deeply incised by the rivers flowing from the Boro Horo range, which implies rather fast rates of incision. In the Hutubi and Jingou He valleys, for instance, uniform rates of river incision of the order of 5 mm/yr would be required to account for the 50 m entrenchment of the rivers into TO south of the Tugulu-Dushanzi thrust, if such entrenchment occurred in the last 10 kyr (Table 4) . That value seems typical of the most recent incision rates of large rivers in the Manas piedmont. It is nearly twice the average value inferred for the tectonic uplift rate due to thrusting and folding. That much of the incision is not of tectonic origin is corroborated by the fact that the rivers remain entrenched in their valleys far north of the thrust and associated folds (15-30 m for the Manas river according to Grenard [1929] ). East of Shihozi, those rivers have incised a flat surface, standing at an elevation of about 300 m, which appears to be coeval with the fans. We infer that surface to mark the high stand of a large ancient lake that flooded much of the flattish southwestern Dzoungarian basin during the early Holocene climatic optimum, forming lakes Manas and Ebi Nor and accounting for the high abandoned shorelines observed around the latter, now at an elevation of 189m [Grenard, 1929] . We suggest that rapid foundering of the lake stand and of the associated base level, after 8 ka , as observed for similar post glacial lakes in Asia and Africa [e.g., Gasse et al., 1991] , drove the fast and prominent incision ofthe rivers into their fans.
Assuming isostatic compensation, we have estimated finite shortening on north-south sections across the whole Tien Shan mountain belt by balancing the crustal area under the belt and by correcting for the effect of erosion using the volumes of late Cenozoic sediments deposited adjacent to the belt. Such a correction is feasible for the Tien Shan because none of the rivers born there reach the sea. The principal source of uncertainty in our estimates is the initial thickness (H1) of the crust under the belt. If a 2000-m-high mountain range or a 1000-m -deep ocean basin existed in the early Tertiary where the Tien Shan has now risen, then these estimates might be in error by as much as 40%. We know of no clear evidence of such a high mountain or deep basin. Although marine Miocene foraminifera have been found in the westernmost Tien Shan (Fergana and Kashgar regions), they probably imply the existence of a shallow water body such as the modern Aral sea (E. Sobel, personnal communication, 1991) . Until the geometry of this Miocene sea is known, it will remain difficult to assess quantitatively the bias it introduces in shortening estimates. We simply note that there might have been additional shortening in . parts of the westernmost Tien Shan, perhaps locally as much as 50 km. In the eastern Tien Shan, the existence of locally deeper Jurassic basins may explain why crustal shortening became localized where it did. If crustal ramp folding is the chief mechanism accounting for the formation of the Tien Shan south of Manas, then 124±30 km of shortening across the 220-kmwide belt implies that it is composed of about four coalescent crustal anticlines. If the whole range had grown at a steady rate since = 16 Ma, each anticline would have reached its maximum size in a few million years ( =4 My). At the mantle level, 125 km of shortening seem sufficient to localize shear through the lithosphere. Hence continental subduction of the lithospheric mantle would have already started in the eastern Tien Shan, and should be well developed towards the west [e.g., Mattauer, 1986; Burov et al., 1990] .
In map view, the positive westward gradient of shortening (about 10 km/ 0 E) along the 1700 km long Tien Shan belt derived from our estimates implies 7±2.5° of fmite clockwise rotation of the Tarim relative to Kazakhstan and Dzungaria in the late Cenozoic. Qualitatively, this is a simple and robust consequence of the westward increase in width of the belt while its mean elevation remains roughly constant (between 2500 and 2900 m). Both the paleomagnetic (8.6±8.7° [ Chen et al., 1991] ) and tectonic results of our work are in agreement. Whereas the mean values obtained by either technique are similar (7-9°) and rather small, the tectonic estimate is apparently more accurate. Recall, nevertheless, that the latter might be little more than a lower bound if a wedge-shaped, eastward tapering Miocene basin existed where the Tien Shan now lies. Unless such a hypothetical basin were very deep or very wide, however, its existence would not incJ ,·ase the amount of rotation by more than a few degrees. Wh l.: the sense of rotation of the Tarim relative to regions north of the Tien Shan had previously been inferred [e.g., England and Houseman, 1985; Cobbold and Davy, 1988] , neither its amount nor the mechanism responsible for the rotation had been properly constrained or discussed prior to the paleomagnetic study of Chen et al [1991] . In a general sense, the mechanism of that rotation is strain heterogeneity in map view, which is particularly clear in the western part of the India Eurasia collision zone where the Tarim looms as such a large undeformable block and where the westwards widening Tien Shan may be seen as a northern counterpart of the eastwards narrowing Tibetan Plateau with which it overlaps [Molnar and Tapponnier, 1981; England and Houseman, 1985; Chen et al., 1991] . In more simple terms, the northwest prong of the Indian continent abuts almost directly the southwest tip of the Tarim through the narrow Karakorum and Pamirs, thus transmitting efficiently to it the thrust of collision. Towards the east, by contrast, much of the convergence is absorbed south of the Tarim or transferred east-southeastwards to South China by strike-slip motion along the Altyn Tagh, Kun Lun, and Xian Shui He faults. It is the stronger push in the west than in the east that causes the Tarim block, whose elongation is east-west, to rotate clockwise [Avouac et al., 1990; Chen et al., 1991] .
Assuming steady state strain, the finite shortening and present rate values obtained suggest that the Tien Shan is a particularly recent mountain belt within the collision zone. It appears to have formed mostly in the Neogene, probably since the middle Miocene (16+22/-9 Ma), about 30 m.y. after collision started along the southern rim of Asia in the Eocene. This age is in keeping with that of the bulk of the sediments deposited in the basins that flank the mountain ( < 25 Ma) and with the sharp early Neogene increase in subsidence and deposition rates in those basins [Hendrix et al., 1992] . That such a great range rose so fast so recently supports the view that discrete tectonic phases and changes in strain styles have occurred as deformation migrated northwards across the Asian continent with the penetration of India into it Tapponnier et al. , 1982] . More specifically, we fmd it tempting to relate the onset of significant shortening in the Tien Shan in the middle Miocene with the cessation of seafloor spreading in the South China sea (15-16 Ma [Taylor and Hayes, 1983; Briais et al., 1992] ), the end of large-scale left-lateral shear along the Red River Ailao Shan zone (after =21 Ma Schllrer et al., 1990 , Leloup, 1991 ), the cooling of highgrade Tertiary gneisses along that zone (from ""19 Ma onwards, (M. Harrison et al., unpublished manuscript, 1991) ), as well as with the lower Miocene peak metamorphism on the MCT ( =20 Ma [e.g., Hubbard and Harrison, 1989] ), the fast cooling pulse in the Gangdese Shan of southern Tibet ( =20 Ma [Copeland et al., 1987] ), and the onset of massive turbidite flux in the distal Bengal fan (somewhat prior to ""17 Ma [Cochran, 1987] ), all of which may imply increased shortening, uplift and erosion rates in the Himalayas at that time, possibly correlative of the most rapid change in seawater Sr isotopic ratio, between 20 and 15 Ma [Richter et al., 1992] . That there is growing evidence for a rough coevality between all these different events implies that they may all result from a single cause. We fmd that the most attractive solution is to view them as being orchestrated by a major change of regime (a mid-Miocene crisis) in the IndiaEurasia collision, as convergence between the two continents ceased to be chiefly absorbed by the extrusion of Indochina to be progressively taken up by predominant crustal thickening in Tibet and Central Asia. The mid-Miocene onset of crustal shortening in the Tien Shan implied by our study is thus in keeping with the hypothesis of two principal tectonic phases during the collision [Tapponnier et al., 1982 Zhao and Morgan, 1985; Copeland et al., 1987] , and brings further support to models of continental deformation in which strain localization exerts important dynamic control on tectonic style .
